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ABSTRACT 
Modifications to the surfaces of fossil bones are one of the most important lines of evidence 
for understanding different issues in palaeoanthropological, archaeological, and taphonomic 
research. Bone surface modifications (BSM) are used to infer past lifeways and behaviours 
through site formation processes, subsistence patterns and adaptations and how they 
influenced human evolution, as well as patterns of economic and social evolutions. The study 
of BSM first appeared in palaeontology in the mid-19th Century, before gaining traction in 
archaeology during the processual boom of the 1960s. By identifying BSM from 
ethnographic studies of BSM created by people in the present day and comparing them to 
marks found in the archaeological record, archaeologists were able to tie traces to specific 
bone modifying actions (e.g. Binford 1978; Brain 1981; White 1954). However, traces left by 
non-human modifiers can mimic those produced by humans (e.g. Blumenschine et al. 1996; 
Olsen and Shipman 1988; Selvaggio 1994a; Shipman and Rose 1984). Experimental 
taphonomic studies in zooarchaeology have been largely conducted with the goal of 
confidently tying traces to known actors and effectors (Gifford-Gonzalez 1989b, 1991). 
However, variation in experimental design, experimental bone subjects, and how the resultant 
BSM are classified and analysed has contributed to a lack of consensus between researchers. 
For example, cut marked bones found in deposits dating to 3.39 million-years-ago (Ma) 
challenged the current paradigm that butchery, meat-eating behaviours and, subsequently, 
stone tool use were present in pre-Homo hominins (Domínguez-Rodrigo et al. 2011; 
McPherron et al. 2011). Furthermore, debates based on bone surface modification 
interpretations illustrate the lack of consensus amongst researchers about how to best identify 
and differentiate anthropogenic from non-anthropogenic modifications on bones. In the 
context of the origins of tool-assisted butchery, having a robust method to identify these 
traces is a foremost concern for understanding our own evolution. Resolving this issue 
requires two things: 1) a large dataset in which marks on bones have been produced 
experimentally under highly controlled conditions; and 2) a replicable method for 
quantitatively analysing and describing traces on bone surfaces. This research provides 
impetus for the standardisation of bone surface modification studies, specifically the 
experimental and analytical methods, as well as how researchers identify and classify 
modifications and, subsequently, communicate their results and interpretations. 
This thesis describes three datasets that examine how known variables influenced butchery 
mark morphology. The first dataset examined the effect of the most common methods—tap 
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water boiling, prolonged (gentle) simmering, laundry powder / liquid boiling, and 
maceration—of experimental preparation on butchery mark morphology. The results indicate 
that the most common method for cleaning experimental assemblages, tap water boiling, is 
the most damaging process, with a high degree of variation between the before and after 
assemblages. The least damaging process was cold water maceration; however, this method 
also displayed variation in some cut mark traits. The second dataset examined how force, 
velocity, and angle influence butchery mark morphology when controlled and manipulated 
independently with a mechanical arm. The results indicate that mechanically controlling the 
force, velocity, and angle of percussion strikes has little influence on percussion mark 
morphology, while cut mark morphology was significantly influence when the same physical 
variables were mechanically controlled. Similarly, the third dataset also examines the effects 
of these same physical variables on a controlled butchery assemblage and a freeform 
assemblage produced by six volunteer butchers. Both the controlled and freeform butchery 
experiments produced results consistent with the mechanically controlled dataset cut marks. 
No tested physical variable (angle, velocity, or force) could be directly and consistently tied 
to specific attributes of percussion mark morphology, which suggests that percussion mark 
morphology may be affected by alternate variables, such as effector morphology. Cut mark 
traits, however, were consistently and directly tied to the physical variables under 
manipulation, to the extent that cutting, slicing, and scraping marks can be differentiated. 
These results indicate that butchery mark morphology is influenced by different physical 
variables and that by understanding how they are influenced the archaeological record can be 
more confidently interpreted.  
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1. INTRODUCTION 
1.1 RESEARCH PROBLEM 
Both tool use and meat consumption are thought to have been watersheds in human 
evolution. Tool-assisted exploitation of large ungulate resources (meat and marrow) 
represents a significant deviation from the inferred diet and ecology of our earliest ancestors, 
with consequences for our subsequent anatomical and behavioural evolution. However, there 
is a lack of consensus amongst researchers about how to best identify and differentiate 
anthropogenic from non-anthropogenic modifications on bones. In the context of the origins 
of tool-assisted butchery, having a robust method to identify these traces is a foremost 
concern for understanding our own evolution. Resolving this issue requires two things: 1) a 
large dataset in which marks on bones have been produced experimentally under highly 
controlled conditions; and 2) a replicable method for quantitatively analysing and describing 
traces on bone surfaces.  
Since the 1970s, taphonomic research in zooarchaeology has become pivotal in 
understanding and reconstructing human-animal interactions and past environments (e.g. 
Behrensmeyer 1978; Behrensmeyer et al. 1986; Binford 1981b; Brain 1981; Gifford-
Gonzalez 1989a,b; Gifford 1981; Haynes 1983; Myers et al. 1980). Taphonomy, the laws 
governing burial and preservation through fossilisation of organic material, utilises 
uniformitarian assumptions, that processes in the past happen in much the same way as the 
present, to define and understand the past (Denys 2002; Efremov 1940; Gifford 1981). It has 
been suggested that the main issue with experimental taphonomic analysis is that there is a 
diverse range of variables, as well as experimenter biases, that affect “…the rate and effect of 
different taphonomic processes[, which hinders] …confident and meaningful interpretation[s] 
of data” (Madgwick and Mulville 2012: 510). A large aspect of taphonomic research in 
zooarchaeology has focused on distinguishing between anthropogenic and non-anthropogenic 
bone surface modifications (BSM). BSMs provide insight into the vast array of behaviours 
and relationships between hominins, animals, and their environment. These relationships 
range from daily dietary needs to the ritualistic, with each behaviour producing its own set of 
distinctive marks, or clusters of marks.  
Bone assemblages and BSMs can help determine patterns of group mobility and settlement 
patterns (Binford 1978; Russell 2012), diet and access to foods (Binford 1978; Brain 1981), 
ritualistic behaviours (Bogaard et al. 2009; Twiss and Russell 2009), and agrarian and 
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domestication (animal husbandry / selective breeding) practices (Reitz and Wing 2010; 
Russell 2012). One of the most significant problems in human evolutionary studies is 
understanding when and under what conditions humans and their ancestors acquired faunal 
resources, as this provides insight into a number of behavioural and organisational traits 
(DeGusta and Vrba 2005; Domínguez-Rodrigo et al. 2007; de Heinzelin et al. 1999; Lewis 
and Harmand 2016; Pante et al. 2012; Vrba 1990, 1985). The ability to identify and 
distinguish between different taphonomic signatures is extremely useful to determine the 
timing of different actors on bone assemblages. For example, hominin scavenging will occur 
on bones that also have carnivore tooth marks and will include slicing, scraping, and marrow 
extraction (percussion) marks (carnivore-hominin: Blumenschine 1995; Blumenschine et al. 
1996; Selvaggio 1994a), whereas hunting will have evidence of mass meat removal with 
stone tools, as well as disarticulation marks on the epiphyses (Binford 1981b; Brain 1981; 
White 1952, 1953, 1954). Every mark tells a story about the actors, effectors, and actions that 
created them.  
BSM are important for inferring past human behaviours and actions, and can provide indirect 
evidence for other adaptive strategies. For example, behaviours and traits, such as obligate 
meat-eating and intentional stone tool manufacture and use, previously believed to exist 
primarily in the Homo genus as evidence of ‘human-ness’, are now known to have appeared 
well before our genus emerged (Harcourt-Smith 2016; Panger et al. 2002; Schwartz and 
Tattersall 2015). New discoveries, such as the Dikika cut marks and Lomekwi stone tools 
from Ethiopia (Harmand et al. 2015; Lewis and Harmand 2016; McPherron et al. 2010), and 
the Siwalik Hills butchery marks from India (Dambricourt Malassé 2016; Dambricourt 
Malassé et al. 2016), have altered our understanding of behavioural organisation and 
migratory patterns of early humans. The presence of some major obstacles, however, still 
make linking evidence to interpretation tenuous in a number of cases. The discovery of stone 
tools at Lomekwi, Ethiopia has provided robust evidence of purposeful knapping of large 
basalt and phonolite blocks, and cobbles at 3.3 million years ago (Ma), the earliest evidence 
for stone tool manufacture in the archaeological record (Harmand et al. 2015; Lewis and 
Harmand 2016). In addition to extending the temporal depth of the stone tool record, this 
discovery also strengthened the assertion that marked bones found at Dikika, Ethiopia were 
anthropogenically modified at 3.4 Ma (Lewis and Harmand 2016; McPherron et al. 2010), 
800,000 years earlier what was previously considered the earliest known cut marked bones at 
Gona, Ethiopia at 2.6 Ma (Domínguez-Rodrigo et al. 2005; Semaw et al. 2003). Prior to these 
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discoveries, the appearance of Oldowan tools at 2.6 Ma was evidence of early complexities 
not previously seen in the archaeological record, as the tools were created through 
purposeful, freehand knapping processes (Semaw 2000). Similarly, bones found at Gona and 
Bouri at 2.6 Ma provide confirmation of meat-eating habits within the Homo time period, 
indicating that meat consumption was an important feature of early eating habits. Sites, such 
as these, influence the direction of experimental taphonomy with the creation of modern 
analogues to directly link actors and effectors to actions (Gifford-Gonzalez 1989b, 1991; 
Seetah 2008).  
BSM analysis, taphonomic research, and the development of scientific methodology are 
essential components of zooarchaeology, but there are still several aspects that attract much 
debate, such as the use of proxies and modern analogues to understand the past, which is the 
primary approach of taphonomic research. This is observed in the large body of experimental 
taphonomic research that includes ethnographically observed and/or 'naturalistic' simulated 
situations in which bones have been trampled, gnawed, fed to crocodiles, etc. (e.g. 
Behrensmeyer et al. 1986; Domínguez-Rodrigo et al. 2009a; Njau 2006; Njau and 
Blumenschine 2006; Organista et al. 2016; Pobiner 2007). Although such observations can 
simulate realistic scenarios, marks left on bones have attributes that represent the net effect of 
many variables. Little work has been done that explicitly links individual variables (e.g., 
force, velocity, or angle) to the physical traces they leave on bones (e.g. Potter 2005). Thus, 
our understanding of how the different attributes of marks are formed is not well-quantified. 
For example, it is unknown how individual variables, such as force of the strike, angle of the 
strike, or the morphology of a given effector, translate to measurable characteristics of a bone 
surface mark such as its shape or size. While it is not entirely possible to completely control 
for the full suite of physical variables that underlie different taphonomic processes, certain 
variables can be identified, standardised and manipulated in order to avoid biases from the 
investigator. Correct identifications are therefore an essential component of 
zooarchaeological study. In the current literature, a butchery mark has been described as any 
mark on bone, which is the result of anthropogenic modification with the intention of meat 
removal and/or marrow extraction. This thesis aims to identify a causal linkage between 
physical parameters of mark production and their resultant traces. This will then provide the 
analytical and interpretive tools necessary for a systematic assessment of the fossils that 
provide information on early tool use and meat-eating. 
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Actualistic research—the use of relational analogies to distinguish causal/functional 
relationships—in association with Middle Range Theory enables inferences for behaviours 
and activities based on analogy and experimentation (Binford, 1981a, 1981b; Gifford-
Gonzalez, 1989; Leatherdale, 1974; Pickering and Hensley-Marschand, 2008; Pobiner and 
Braun, 2005; Seetah, 2008; Wylie, 1982), and is a means by which the above issues can be 
addressed. An advantage of actualistic research is that the methods should be replicable by 
different researchers resulting in the same or statistically similar data. It is for this reason that 
actualistic research is the most appropriate method for this study. However, actualistic 
research is also subject to human error in the implementation of methods. Some methods that 
are commonly employed in experimental zooarchaeology do not always precisely mimic past 
processes. For example, experimental bone assemblages are usually boiled in order to clean 
the bone surfaces for photography and further analysis; however, this is a process that does 
not appear archaeologically until the Upper Paleolithic at the earliest (Nakazawa et al. 2009). 
A number of studies have identified boiling as potentially destructive process that accelerates 
bone diagenesis—a complex suite of histologically destructive changes to the bone (Hedges 
2002; Hedges et al. 1995; Nicholson 1996; Nielsen-Marsh and Hedges 2000). Experimental 
work, particularly throughout the last thirty to forty years, has provided a broader basis for 
interpretation and evaluation of a bone surface modification’s agent. However, the use of 
processes, such as boiling as a method for cleaning, can introduce error, or at the very least, 
additional variables that are not fully understood. It is therefore clear that extensive research 
is needed in order to address the issues highlighted above. 
1.2 RESEARCH QUESTIONS 
Considering the importance of BSM to interpreting subsistence behaviours in the deep past, 
this thesis explores the following research question: 
How do different variables influence butchery mark morphology? 
In order to investigate this research question, I have identified three sub-questions for 
examination: 
1. Do preparation methods of experimental taphonomic assemblages affect BSM 
morphology?  
2. How is butchery mark morphology affected when different variables are controlled 
mechanically?  
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3. How is butchery mark morphology affected when different variables are varied 
controlled conditions versus freeform butchery conditions? 
This thesis will systematically examine how different BSM characteristics are influenced by 
individual variables. Question 1 aims to assess the common methods used in the cleaning 
preparation of experimentally modified bones for laboratory analysis to see how they affect 
BSM characteristics. Question 2 assesses the variables (force, velocity, and angle) required 
for the mechanical creation of cut and percussion marks in order to see how they affect mark 
outcomes. Finally, Question 3 assess the same physical variables as Question 2, however, 
with the focus on cut and percussion marks created by human butchers, rather than 
mechanically, and how they influence butchery mark morphology.  
1.3 SIGNIFICANCE 
As discussed above, actualistic research provides a framework for the interpretation of the 
archaeological record using analogy and experimentation. This study uses analogy and 
experimentation to answer how variables influence the identification and survivorship of 
BSMs through experimental preparation methods, mechanically controlled butchery, and 
controlled and naturalistic butchery. Determining if, how, and to what extent common 
methods of preparation affect BSMs is significant as it potentially influences how future 
experiments are prepared, as well as how tightly previous experiments are implemented in 
archaeological BSM identification and interpretation. In the current literature, the focus of 
heat-treated bone studies is on the histological differences low-level heating (such as boiling) 
has on the composition of the bone, rather than how it affects surface mark morphology (e.g. 
Bosch et al. 2011; Denys 2002; Hedges 2002; Hedges et al. 1995; Koon et al. 2003; Lubinski 
1996; Roberts et al. 2002). This study expands and improves upon my own previous 
unpublished experiments, which assessed the morphological effects of boiling and roasting 
modified bones for six hours (James, unpublished Honours).  
The second (and most novel) aspect of this study, is its experimental approach with the use of 
a standardised mark-inflicting machine—BONES (Behavioural or Natural Experimentation 
Simulator). The advantages of using a machine to control and produce experimental replicas 
was first introduced by Dibble and Rezek (2009), who adopted the use of a pneumatic punch 
to control flake formation. This revolutionised lithic experimentation and analysis by 
allowing researchers to know the exact relationship between flake size and shape and the 
particular variables involved in its creation. For example, Dibble and Rezek’s (2009; Rezek 
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et al. 2011) determined that by standardising the independent variables, such as exterior 
platform angle or platform depth, they could examine how the dependent variable (for 
example, flake size and shape) responds. Dibble and Rezek’s (2009; Rezek et al. 2011) 
experiments highlighted major deficiencies in the experimental design of past lithic 
controlled experiments, particularly in the identification of relationships between independent 
and dependent variables. Similarly, current zooarchaeological research lacks the critical 
understanding of many of the basic underlying variables that result in specific taphonomic 
traces. Following from this, the marks produced by BONES inform on the physical properties 
that make a percussion pit different to a groove or striae field. The goal of taphonomic studies 
over the last 50+ years has focussed on linking morphology to an actor/effector/action 
combination(e.g. Blumenschine et al. 1996; Krasinski 2016; Lyman 2016; Madgwick and 
Broderick 2015); whereas this study focusses on linking morphology to physical variables 
first, then those physical variables to actor/effector/action combinations. Marks produced by 
BONES are not meant to be definitively analogous to modifications found in the 
archaeological record and they should not be taken to be that way. Rather the data generated 
from the mechanical experiments should be used to gain confidence that current manual 
experiments are producing comparable characteristics by identifying which individual 
variables matter most in mark production. This can then be used to determine if, and by how 
much, these variables change between experiments and how these constrain the actual 
processes in which we are interested (i.e. cut and percussion mark formation). The process of 
holding all variables constant and examining only individual physical forces in bone surface 
mark production has not yet been attempted in any experimental taphonomic scenario.  
The application of taphonomic BSM studies hinges on the ability of researchers to accurately 
tie a trace on a fossil to its underlying cause. Much previous work has assumed that many of 
the traces left on bones should be diagnostic and that anthropogenic traces should be able to 
be separated from traces left by non-anthropogenic causes (e.g. Blumenschine 1995; 
Blumenschine et al. 1996; Domínguez-Rodrigo et al. 2009a; Lupo and O’Connell 2002; 
Olsen and Shipman 1988; Pickering et al. 2004; Selvaggio 1994a). Because fossils are found 
in a variety of depositional contexts, the number of possible processes that can damage their 
surfaces is overwhelming and, potentially, site-specific. Current experimental studies 
continue to capture more variability in the processes that modify bones, but they remain 
limited because they do not reveal the underlying physics behind the production of bone 
damage by different actor/effector/action combinations (e.g. Braun et al. 2016; Domínguez-
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Rodrigo et al. 2009a; de Juana et al. 2010; Krasinski 2016; Monnier and Bischoff 2014; 
Soulier and Costamagno 2017). This is a core issue within archaeology, palaeontology, and 
related disciplines, and its resolution should create a new set of standards for the analysis and 
interpretation of fossil assemblages that is generally applicable across a range of depositional 
contexts around the world.  
The results of this study will attempt to resolve a pervasive problem in taphonomy and 
zooarchaeological research: methodological, analytical, and interpretive standardisation. 
Actors, effectors, and actions associated with BSM creation should be, under uniformitarian 
assumptions, comparable through time. The requirement for comparable methodologies 
across researchers is as important as replicable results and analogies. This study focuses on 
manipulating the basic physics of BSM creation—specifically for cut and percussion 
marks—to assess how these variables affect mark features. Understanding how BSM traits 
are influenced by different physical variables will aid in comparisons between experimental 
and archaeological assemblages and has the potential to resolve issues centred on BSM 
identifications at contentious sites, like Dikika.The ability to provide appropriate, replicable 
analogies through experimentation is an essential advancement in archaeology as it affects 
the levels of confidence for interpretations of the archaeological record (Driver 2011; 
Wolverton 2013). 
1.4 THESIS OVERVIEW 
This thesis largely follows the traditional thesis chapter structure, but includes one chapter 
that is a peer-reviewed journal article that has been reproduced and reformatted for this thesis 
in compliance with the guidelines for “thesis including publications” as set out by The 
University of Queensland.  
Chapter 2 contains the only journal article presented in this thesis. The article provides a 
detailed background to the research problem and includes a detailed history of BSM studies 
from the mid-19th century to the present. A brief examination of sites with controversial 
interpretations is investigated through the analysis of the many debates sparked by the BSM 
evidence. Lastly, the article assesses the obstacles hindering consensus, the role of 
terminology in these controversies and obstacles, and some solutions to help overcome these 
issues.  
Chapter 3 assesses the role of science in archaeology through the examination of scientific 
and zooarchaeological standards. This chapter also identifies the issues affecting 
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standardisation in experimental zooarchaeology, particularly as they concern experimental 
methods of preparation, experimental design, replicability in manual experiments, and data 
collection and analysis. Finally, the chapter discusses some solutions to problems in 
standardising BSM experiments through methods of preparation, manual experiments, 
mechanical experiments, and analytical approaches to data collection and analysis.  
Chapter 4 describes the materials and method. The chapter begins with a brief summary of 
the aims of the research before an account of experimental materials and methods used to 
produce the butchery marks for the method of preparation, mechanical, and controlled and 
freeform experiments. The data collection section details the procedures used to identify and 
measure the marks using optical light microscopy, and how the variables were recorded. 
Lastly, a discussion of the analytical methods is given to communicate the processes used to 
assess the qualitative and quantitative data.  
Chapter 5 presents the results of the method of preparation experiments. This involves a 
summary of the significance of the experiments followed by a detailed examination of the 
results from the tap water boiling, prolonged simmering, laundry powder boiling, laundry 
liquid boiling, and maceration experiments, as well as an analysis of the variation between 
the treatment types. 
Chapter 6 analyses the results of the mechanical BSM experiments and assesses how the 
controlled variables affect cut and percussion mark features. The chapter is broken down into 
controlled angle, controlled force, and controlled velocity, with the metric variables also 
assessed. 
Chapter 7 analyses the results of the controlled manual and naturalistic BSM experiments and 
assesses how the controlled variables affect cut and percussion mark features and how these 
features manifest on the freeform butchery assemblage. The chapter is broken down into 
controlled and naturalistic results. The controlled results are divided into controlled angle, 
controlled force, and controlled velocity, whereas the naturalistic results are discussed as cut 
marks and percussion marks without further division. Metric variables are also assessed at the 
end of the chapter. 
Chapter 8 discusses the results of the experiments from Chapters 5, 6, and 7 and analyses 
how they are affected by, and in turn affect, the current taphonomic paradigms. The chapter 
also discusses current archaeological standards and how they affect methodology and 
interpretation, particularly in contentious cases, such as the African Plio-Pleistocene.  
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Chapter 9 presents the summary and conclusions of the thesis and draws together the 
research. A discussion of the relevance of BSM for understanding and interpreting sites is 
presented. The relevance of the results for addressing the research problem and hypothesis, 
within the scope of the research questions, is critically evaluated. Finally, potential directions 
for future research are discussed. 
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2. ARTICLE: JAMES AND THOMPSON 2016 ON BAD TERMS: PROBLEMS AND SOLUTIONS WITHIN 
ZOOARCHAEOLOGICAL BONE SURFACE MODIFICATION STUDIES 
 
2.1 ABSTRACT 
The identification of butchery marks in the zooarchaeological record has consistently been 
debated. Much experimental work has been done to understand the causal agents behind 
some bone surface modifications, but recent controversies show that there is still no 
consensus. Terminology is not consistent between researchers, and there is ambiguity in how 
characteristics of marks are described and interpreted. There is also a lack of understanding 
of what causes individual variables within marks made by different agents, which is 
compounded by mark morphologies being described in terms that imply their causality. This 
paper examines these two problems in light of historic and current trends in the taphonomic 
literature, and recommends ways to describe marks that will facilitate more effective 
communication between researchers. It is proposed that greater standardisation within 
zooarchaeology is needed in seven key areas, and that this is the best avenue for moving into 
a new phase of taphonomic research. 
2.2 INTRODUCTION 
There has historically been much debate over how to identify anthropogenic traces on fossil 
bones, and how to separate them from traces left by other processes (e.g. Andrews and 
Fernández-Jalvo 2012; Blumenschine et al. 1996; Domínguez-Rodrigo et al. 2009a; Noe-
Nygaard 1989; Shipman and Rose 1984). Interpretation of surface marks provides insight 
into the diverse ways in which humans interacted with animals in the past, including hunting 
(Brown 2005; Clutton-Brock 1995; Clutton-Brock and Noe-Nygaard 1990; Noe-Nygaard 
1989; Russell 2012), scavenging (Blumenschine 1988a; Blumenschine et al. 1987; Bunn and 
Pickering 2010; Domínguez-Rodrigo 1999, 2002; Domínguez-Rodrigo et al. 2007; Selvaggio 
1994a,b); feasting (Hayden 2002; Powdermaker 1932; Russell 2012), and rituals (Brown 
2005; McNiven and Feldman 2003). Reliable identification of the actor, effector, and 
action—for example, a hominin (actor) using a hammerstone (effector) to process bone 
marrow (action)—behind the creation of a mark is an essential component of 
zooarchaeology, and researchers must have confidence that marks will be correctly identified 
and described across the discipline (Fisher 1995; Gifford-Gonzalez 1991) (see Figure 2.1).  
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Figure 2.1 The idealised end goal of bone surface modification studies at centre, and the phases of research leading to that 
point. We argue that the centre point has in reality become occupied by circularity in recent research, illustrated in Figure 2.5 
Unfortunately, this is not always the case. Ambiguity over how to describe and identify bone 
surface modifications (BSM) has led to significant debates within archaeology. Several 
controversial sites contain both marked bones and artefacts, but uncertainty about the age of 
the bones, their association with the artefacts, or their depositional contexts has resulted in a 
lack of consensus about what agents were responsible for creation of the marks. Examples of 
this can be drawn from diverse types of sites around the globe: early hominin sites such as the 
Pleistocene sites within Olduvai Gorge, Tanzania (Domínguez-Rodrigo and Barba 2006; 
Pante et al. 2012); Late Pleistocene New World sites such as Bluefish Caves and Old Crow 
Basin, Yukon Territory, Canada (Bourgeon 2015; Bourgeon et al. 2017; Cinq-Mars 1979; 
Morlan 2003), and Paisley Caves, Oregon (Hockett and Jenkins 2013); and Pleistocene Sahul 
sites such as Nombe Rockshelter, Papua New Guinea (Mountain 1991), and Cuddie Springs, 
Australia (Field et al. 2008; Fillios et al. 2010). In these cases, disagreement over the agency 
behind the marks has led to drastically different interpretations of site formation and hominin 
or human behaviour. At other sites, such as the Pliocene site of Dikika, Ethiopia, marked 
bones do not co- occur with artefacts but still present the possibility of hominin interaction 
with the fossils (McPherron et al. 2010, 2011). A similar situation presents itself at New 
12 
World sites, such as the mammoth localities of southeastern Wisconsin (Johnson 2007; 
Johnson et al. 2007, 2013), or the Niver Farm site, Ohio (Eren 2013; Redmond et al. 2012), 
where marked or otherwise modified megafauna bones are not associated with artefacts and 
pre-date the time it has traditionally thought that people entered North America. However, 
the implications of their anthropogenic modifications have been largely ignored. These 
examples highlight the significance of correctly identifying BSM, which is an issue that has 
featured repeatedly over the past thirty years of zooarchaeological research (Mountain 1991). 
From these case studies we see that the accurate ascription of marked bones to human agency 
can weigh heavily in the interpretation of a site, sometimes even forming the very basis of its 
status as being archaeological. 
These prominent controversies – or, in the case of the New World sites, the implicit lack of 
acceptance – raise the spectre of inconsistent identification of bone surface marks being 
present, but passing unnoticed, in other zooarchaeological studies. With BSM being a 
primary analytical and interpretive tool in zooarchaeology, it is absolutely essential to get this 
right. As Blumenschine et al. (1996) have noted, if zooarchaeologists can’t come to 
agreement on the fundamental process of identifying surface modification, then doubt is shed 
on any and all results that draw from this method. If such inconsistencies become entrenched 
within the literature, then what we believe we know about the past at many sites may rest 
upon instances of poor but unchallenged interpretations. 
In this paper we provide examples of the effects that a lack of standardisation in both 
terminology and method has had on the identification of BSMs, with specific reference to the 
early hominin record of Africa - where problems arising from this have been most 
prominently debated. We then discuss the history of BSM, and explore why such cases 
persist in spite of a large body of research aimed at resolving the problem. We propose that 
many of the issues surrounding our understanding of the fundamentals of taphonomy could 
be resolved by reimagining 1) how we talk about taphonomic marks, with respect to whether 
they are indicative of actor, effector, or action; and 2) critically evaluating and standardising 
our standards for the level of inference (or confidence) we use in understanding past 
behaviours, particularly in regards to how marks (experimental and/or archaeological) are 
produced, examined, and interpreted. 
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2.3 CASE STUDIES AND CONTROVERSIES 
Key examples illustrate how lack of consistency between researchers in BSM studies 
undermines the ability of archaeologists to confidently interpret the past. At the FLK 
Zinjanthropus ‘Zinj’ site at Olduvai Gorge, Tanzania, marks on fossils have been under 
contention for over thirty years (Binford et al. 1988; Blumenschine 1988a,b, 1995; 
Blumenschine et al. 2007; Bunn 1981, 1983, 1991; Bunn et al. 1986; Domínguez-Rodrigo et 
al. 2009b, 2010a; Domínguez-Rodrigo and Barba 2006; Potts 1988). The FLK Zinj site was 
first examined taphonomically by Bunn (1982) and Potts (1982) in the late 1970s, which lead 
to further analysis in the mid-1980s where there was a focus on how the distribution of cut 
marks could be used to infer early hominin hunting and butchering techniques (see Binford et 
al. 1988; Bunn et al. 1986; Potts 1988). The observations of some authors led to interpretation 
of the faunal remains as being the remnants of animals that had been hunted, transported, and 
butchered by early hominins, which fit well with earlier interpretations by Isaac (1978) and 
Lovejoy (1981) regarding pair-bonding and provisioning (Figure 2.2).  
 
Figure 2.2 Summary of Isaac (1978) and Lovejoy's (1981) provisioning and pair-bonding hypotheses. Figure taken from 
Shipman (1983, p. 31) 
Critical evaluation of how to identify the agency behind the creation of surface marks led to a 
second phase of interpretation of the faunal assemblage (e.g. Behrensmeyer et al. 1986; Potts 
1988; Potts and Shipman 1981; Shipman 1983; Shipman and Rose 1983a,b). Under this 
revised approach, certain marks were seen to have been caused by carnivore teeth, suggesting 
a high level of carnivore involvement with the assemblage and therefore late (scavenging) 
access by hominins (Blumenschine 1986, 1995; Blumenschine et al. 1987). This was the first 
approach that utilised both naturalistic and experimental observations with statistical 
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modelling to infer Oldowan behaviour, and the results fit with models that were current at the 
time in which small- bodied early hominins were not thought to be capable of hunting large 
ungulates (Binford 1981b; Trinkaus 1987). 
The controversy was revisited in the last decade when the same marks considered to be 
carnivore tooth marks were argued to have been caused by microbial bioerosion, suggesting a 
lower level of carnivore involvement and, consequently, earlier access by hominins 
(Domínguez-Rodrigo and Barba 2006, 2007). This reinterpretation did not go uncontested 
(Blumenschine et al. 2007; Pante et al. 2012), and thus our understanding of one of the most 
extensively studied sites in human prehistory remains open to question (Domínguez-Rodrigo 
et al. 2010b, 2012). This example illustrates the role BSM has played in interpretation of a 
key zooarchaeological assemblage at two related levels (Lyman 1987): 1) How reliably 
individual BSM are identified with respect to the processes that caused them; and 2) How 
reliable our models are for interpretation of site formation based on entire assemblages of 
marks. The underlying premise of both has not changed – that diagnosis of the agents behind 
mark production in a fossil assemblage is important for unravelling the taphonomic history of 
that assemblage. However, the actual implementation of BSM research at both the level of 
mark interpretation and assemblage interpretation has fluctuated along with prevailing 
scientific views about the evolution of important behaviours in our species without yet 
reaching clear resolution. 
Controversies have also arisen over the interpretation of marks found on the surfaces of two 
fossils from the DIK-55 site at Dikika, Ethiopia. Under one scenario, the marks were 
interpreted to have been the result of purposeful stone tool butchery by early hominins, in 
spite of the lack of associated effectors (McPherron et al. 2010, 2011). Under another, they 
were considered to have been caused incidentally by trampling animals (Domínguez-Rodrigo 
et al. 2010b, 2011, 2012). Stone-tool butchery is frequently evidenced in early African 
assemblages; however, the marks discovered by McPherron et al. (2010) have been dated to 
3.4 million years ago (Ma). This is some 800,000 years earlier than the earliest recorded stone 
tools—as well as the first undisputed cut marks – which also first appear ca. 2.6 Ma 
(Domínguez-Rodrigo et al. 2010b; Domínguez-Rodrigo and Martínez-Navarro 2012; de 
Heinzelin et al. 1999; Semaw 2000; Semaw et al. 2003; Stout et al. 2010). As of 2015, stone 
tools were discovered at Lomekwi, Kenya, in deposits dating to 3.3Ma (Harmand et al. 2015; 
Lewis and Harmand 2016). 
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Some researchers have argued that there has been resistance to accepting the marks from 
Dikika as stone-tool inflicted because it would entail changing the current paradigm in which 
the earliest archaeological record is defined by flaked stone artefacts in association with large 
ungulate meat-eating and the appearance of early Homo (McPherron et al. 2011). Others 
remain resolute that although the effector – a stone on bone – was the same, the traces it left 
are diagnostic of natural rather than anthropogenic processes (Domínguez-Rodrigo et al. 
2011). However, the overall sample of candidate butchered bones prior to ca. 2.0 Ma is very 
small, all from Ethiopia and consisting only of three specimens from Bouri that have been 
described (de Heinzelin et al. 1999), nine specimens (two of which conjoin) from Gona 
(Domínguez-Rodrigo et al. 2005), a potential specimen from Hadar (Kimbel et al. 1996), and 
the two specimens from Dikika. This may be interpreted in several ways: 1) All or some 
represent early instances of behaviour that were not common, and are therefore informative in 
their rarity; 2) Their rarity reflects a lack of systematic BSM research on Pliocene deposits, 
including those from which stone artefacts have not been found; or 3) There is too much 
potential for equifinality in the morphology of marks caused by different processes for any 
given small sample of marks to be informative about hominin behaviour – or for resolution to 
be reached between researchers. It is also notable that these heavily- debated examples 
involve researchers with vested interests in their opposed views of site interpretation. In the 
case of Olduvai, differing diagnoses of individual BSM provide the mechanism of debate, but 
the fundamental point of contention is whether hominins had early or late access to carcasses. 
At Dikika, hominin modifications to bones that significantly pre-date the earliest known 
stone artefacts would undermine the status of sites previously thought to have the earliest 
evidence of stone tool butchery. Thus, in addition to prevailing scientific ideas, 
interpretations of BSM are also guided by individual research trajectories. 
Similar complex epistemological, paradigmatic, and empirical problems have arisen in 
Australia, where BSM have played a role in heavily-polarised debates about the interaction of 
humans and megafauna. The continent formerly known as Sahul (currently Australia and 
Papua New Guinea plus smaller islands) was home to ~90 now- extinct species of endemic 
large-bodied vertebrates during the Pleistocene. Prevailing hypotheses for these extinctions 
include direct (e.g., hunting) and indirect (e.g., landscape burning) human impacts (Brook et 
al. 2007; Miller et al. 2005) or global climate change (Faith and O’Connell 2011; Price et al. 
2011; Wroe et al. 2013). Only two sites in Sahul have extinct megafauna in association with 
cultural materials and potentially human-modified bones: Cuddie Springs in New South 
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Wales, Australia, (Field et al. 2013; Fillios et al. 2010), and Nombe Rockshelter in Papua 
New Guinea (Mountain 1991). At both sites, the association between the megafauna and 
artefacts has been debated (Brook et al. 2006; David 2002; Field et al. 2013; Fillios et al. 
2010; Gillespie and David 2001; Roberts et al. 2001a,b). At Cuddie Springs in particular, cut-
marked megafauna bones are claimed to provide the pivotal evidence of behavioural 
association between the two (Fillios et al. 2010). Claims of other human modifications to 
megafauna such as an engraved Diprotodont incisor from Spring Creek, Victoria, Australia 
(Vanderwal and Fullagar 1989) have also been refuted on the basis of there being no other 
cultural contextual information (White and Flannery 1995).  
The problem of accepting human-modified bones that occur in unexpected contexts or have 
surprising ages associated with them also extends to the Americas. The arrival of 
Paleoindians in the New World has traditionally been thought to have been ca. 11,000 cal BP, 
by people who carried with them a distinctive type of stone technology: the Clovis Point 
(Hockett and Jenkins 2013). Sites that pre-date Clovis are rare, potentially because of initially 
very low human populations (Hockett and Jenkins 2013; Madsen 2004). At those where 
human BSM has been identified at sites with no stone artefacts in the same contexts, very few 
artefacts, or no artefacts at all, the BSM has been insufficient to convince researchers of 
human involvement with the fauna. 
Examples such as the Bluefish Caves and Old Crow Basin, Yukon Territory (Bever 2001; 
Bonnichsen 1979; Cinq-Mars 1979; Dixon 1999; Fiedel 2000; Meltzer 1999; Morlan 2003; 
Morlan et al. 1990; Nelson et al. 1986), Paisley Caves, Oregon (Hockett and Jenkins 2013), 
the Manis site in Washington (Waters et al. 2011), and the Jefferson’s Ground Sloth 
(Megalonyx jeffersonii) remains from Niver Farm in Ohio (Eren 2013; Redmond et al. 2012) 
have the potential to add to a growing body of evidence that pushes back the idea of “Clovis-
first” to an initial contact period that is thousands of years earlier (Jenkins et al. 2012; Waters 
and Stafford, Jnr 2007). However, instead of debates, the initial claims from each site have 
been met with telling silence and their acceptance remains to be demonstrated (Hockett and 
Jenkins 2013). 
The controversies surrounding Old World, Sahul, and New World sites show how important 
it is to correctly identify and interpret BSM in the archaeological record. However, they 
highlight a significant problem in zooarchaeology: why, after over a century of use of BSM 
in archaeological interpretation, and nearly a half-century of focused Middle Range research, 
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is the reliability of identification of BSM still questioned? We believe that there are both 
historical and methodological components to the answer, and that zooarchaeologists have 
become caught in a cycle of experimentation and interpretation that has become progressively 
less useful. We first review the history of BSM in zooarchaeology, and then we propose ways 
to break this cycle. 
2.4 HISTORY OF BONE SURFACE MODIFICATION STUDIES 
The use of BSMs has had a long history in archaeology that originated more than 150 years 
ago. Examination of trends in the (mainly English) literature reveals a series of phases in the 
evolution of BSM from its initial use to the powerful presence it is today in 
zooarchaeological interpretation. We have identified several key phases where our 
understanding and application of BSM has significantly evolved (Figure 2). During the 
“Anecdotal Phase”, BSM were described incidentally as evidence for human butchery. Early 
comparisons of intentionally inflicted BSMs with fossil collections were made by Lartet 
(1860) and Desnoyers (1863a,b). During this time, Falconer (1868a,b) and de Mortillet 
(1883, 1890) also began to examine BSMs due in large part to Lartet’s (1860) work. While 
Lartet and Desnoyers were mainly concerned with like-for-like comparisons, fellow 
countryman Henri-Martin’s three volume series (1910) made a greater attempt to differentiate 
between natural and cultural processes. Shortly thereafter, Dubois (1927) provided one of the 
first anecdotal instances of the actions and traces resulting from a crocodilian attack on 
humans. 
The “Ethnographic Phase” that followed included two major emphases. The first was the 
development of detailed inferences about past butchery strategies based on archaeological 
skeletal part representation, completeness, and modification – mainly in terms of 
fragmentation but also occasionally with mention of BSM (Guilday et al. 1962; White 1952, 
1953, 1954). These were some of the first systematic interpretations of how butchery 
practices should be represented in the archaeological record, but they were not based on 
direct observations of the practices of living people and the traces they leave. The second 
major theme was an approach in which ethnographic observations of butchery by modern-day 
indigenous groups helped form the basis for interpretation of patterns in butchery marks and 
bone fragmentation at archaeological sites (Binford 1978, 1981b, Brain 1967, 1969). Work 
by authors such as Miller (1969) can also be included in this second theme, as he used 
actualistic observations of carnivore-carcass interaction that provided a framework to 
distinguish between marks on fossil bone from palaeontological sites from those found on 
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fossil and recent bone from archaeological sites. Overall, within this phase there was very 
little, if any, examination of the marks themselves. Though the placement and frequencies of 
marks were discussed, their diagnostic morphologies were assumed to be implicitly known. 
Bonnichsen’s (1973, 1977, 1979, 1983) work on how modified bone is used in site definition 
exemplifies how early zooarchaeologists began to realise the need to explore the mechanical 
principles often unconsciously employed by hominins (and animals) to modify both stone and 
bone – and how these principles could be applied to archaeological sites. In this phase there 
was a shift in how zooarchaeologists thought about BSM creation; e.g. how marks got onto 
bones and the different processes that can affect the size and shape of the marks. This 
“Quantitative Phase” encompassed the 1980s and comprised a period of discovery, during 
which BSMs were used to classify sites as archaeological and define the extent to which 
different agents contributed to site formation (Archer et al. 1980; Binford et al. 1988; 
Blumenschine 1995; Brain 1981; Bunn 1981; Lewin 1981). 
The increased importance of BSMs in interpretations of site formation led to the recognition 
that significant problems could arise if marks were misidentified (Behrensmeyer et al. 1986; 
Oliver et al. 1989; Turner 1981a,b). This potential for misinterpretation opened sites up to 
debate over the functionality of the site and the possible presence of butchery mimics that 
may have in fact been caused by natural processes, and it sparked debates about the most 
appropriate methodology for identifying anthropogenic marks (Olsen and Shipman 1988; 
Shipman and Rose 1984). These concerns ushered in the “Experimental Phase”, in which 
actualistic and experimental approaches were emphasised in understanding how BSMs were 
created and what forms they took (Andrews 1995; Behrensmeyer et al. 1986; Blumenschine 
1995; Blumenschine et al. 1996; Blumenschine and Selvaggio 1988; Domínguez-Rodrigo 
1997; Selvaggio 1994a,b). This work complemented previous Middle Range approaches 
(Binford 1981b) that had primarily relied on ethnoarchaeological observations, and it also 
introduced a new preoccupation with the morphologies of marks created by different actor-
effector-action combinations (Gifford-Gonzalez 1991). 
After the first decade of experimental work, Fisher (1995) summarised the range of BSMs 
that had been observed and debated. Figure 2.3 shows trends in the numbers of 
publications—in the most accessible journals in the English-speaking literature—that deal 
specifically with the experimental creation and definition (or description) of BSMs. This 
notably shows an initial peak in the 1980s, where roughly 26% of experimental BSM papers 
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were published. The second peak is attributable to the discovery that there may have been an 
unfounded optimism in the mid-1990s that our ability to accurately diagnose BSM had been 
fully resolved by experimental research. The last (and largest) peak includes just less than 
half of all the published experimental papers and shows a push to refine what we already 
understand about BSMs. 
 
Figure 2.3 Graph showing purely experimental BSM papers; i.e. where the purpose of the paper is experimental BSM studies 
The essential advantage of experimental approaches is the ability to control variables, thus 
leading to more rigorous linkages between causation and trace under different scenarios. The 
Experimental Phase(s) led to reappraisal of the validity of older site interpretations, as well as 
the identification and classification of zooarchaeological assemblages from new sites. 
However, even these large quantities of experimental research have been unable to bring 
zooarchaeologists to consensus about the identification of marks at key sites. The second 
peak (from 1994 onwards) in experimental publications in Figure 3 shows an intense interest 
in this problem within the discipline, but also highlights the inadequacy of current approaches 
for resolving it. Similarly, Figure 2.4 details all non-purely experimental papers in the sample 
that use BSM from the 20th century to present. This represents publications that identify, 
define, or describe BSMs through non-experimental formats, such as ethnographically or 
archaeologically. It shows the same recent peak of interest in BSMs (roughly 1995 to 
present), which reinforces the necessity for zooarchaeologists to be certain they are being 
identified and interpreted correctly as they are used in accepted archaeological literature. 
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Figure 2.4 Graph showing all observational BSM papers from the 20th Century to present 
New experiments suggest different ways of interpreting both old and new sites, but these 
interpretations then raise fresh questions. This again renews experimental efforts, leading to 
yet another interpretation. Rather than entering into a new phase of taphonomic research, 
recent literature shows the formation of a circular pattern of experimentation and re-
interpretation (Figure 2.5). This cycle has arisen mainly in interpretation of sites in Africa 
(Blumenschine et al. 2007; Domínguez-Rodrigo et al. 2010b, 2011, 2012; Domínguez-
Rodrigo and Barba 2006; McPherron et al. 2010, 2011). However, the availability of a large 
body of experimental BSM literature has not aided in the resolution of controversial sites in 
Australasia (Field et al. 2008; Fillios et al. 2010; Garvey and Field 2011; Gould et al. 2002; 
Mountain 1991; Walshe 2000). Nor has it spurred researchers working in the Americas to 
either accept or refute anthropogenic interaction with several pre-Clovis faunal assemblages 
(Cinq-Mars 1979; Hockett and Jenkins 2013; Madsen 2004; Morlan 2003; Morlan et al. 
1990). This underscores how the experimental research cycle in BSM suffers from 
fundamental problems that undermine its explanatory power across the discipline of 
zooarchaeology.  
There are two possible implications of this pattern. First, it may be that the true answer about 
how to accurately diagnose BSMs lies at the end of repetitive, rigorous, and intensive 
experimentation cycles. With each cycle, we may find ourselves closer to the solution. 
Alternatively, the discipline of taphonomy may be stuck in a holding pattern, and the next 
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phase of taphonomic research may only be entered once the experimental cycle in its current 
manifestation is broken. 
 
Figure 2.5 Shows the cyclical nature of bone surface modification studies, starting during the Quantitative/Experimental 
Phase and continuing to the present 
2.5 HISTORY OF BONE SURFACE MODIFICATION STUDIES 
Several researchers have proposed reasons for why it is difficult to unambiguously tie a trace 
to a single actor/effector/action combination. Domínguez- Rodrigo and Yravedra (2009: 892) 
argue that “we currently lack enough analog[ue]s to explain most of the archaeological sites, 
which reproduce a range of taphonomic processes not experimentally considered”. Indeed, 
current experimental analogues may not capture a sufficient range of all the potential 
taphonomic processes that can affect a bone and any marks on it. Take a cut mark; this 
appears to be a fairly straightforward term—and one that is commonly used without an 
accompanying definition—however, there are dozens of potential variables that can affect the 
ultimate appearance of a mark resulting from a cutting action. Another example of this is 
fossilisation, which is a suite of processes that can be difficult to replicate in a short 
experiment. The timing of these many processes relative to one another may also affect mark 
appearance, creating an almost infinite range of potential combinations. Thus, the taphonomic 
literature will benefit more from experimentation that is strategic rather than simply 
voluminous. 
Criticism has also recently been laid against researchers for not assigning sufficient attention 
to the contexts within which marked bone surfaces are found (Njau 2012). It has been argued 
that a focus on the morphologies of the marks themselves prevents proper attribution to the 
agency behind their creation. However, within the discipline there is no consensus as to how 
much weight should be given to each contextual variable, and if they should be standardised 
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or considered on a case-to-case and site-to-site basis (Njau 2012). For example, there needs to 
be a consensus regarding whether all marks at sites with many associated artefacts should be 
subjected to the same rigorous scrutiny as all marks at sites with few or no associated 
artefacts. This also begs the question: does it matter how old they are, or is there an a priori 
reason to gain confidence in the diagnosis of, for example, a cut mark if it is from a younger 
assemblage?  
Gifford-Gonzalez (Gifford-Gonzalez 1991) has suggested that it is not our ability to identify 
marks that is at issue, but rather a lack of analogical framework within which to interpret 
them. In many cases we seek to use the traces on bones to understand something about the 
ecology and subsistence behaviour of our ancestors. However, we may not be equipped with 
the proper interpretive analogues to understand the possible range of roles hominins had in 
past ecosystems (Gifford-Gonzalez 1991; Gifford 1981). This creates an air of circularity, 
especially if we require the information in advance that we are in fact attempting to extract 
from the fossils. It is the ontology and epistemology of archaeology more generally that has 
guided the reliance of modern analogue into a position of prominence in zooarchaeological 
research. Archaeology is a science that is paradoxically based largely in historical and 
comparative methods. BSM research specifically draws from actualistic science, in which the 
actual use of objects or the material traces they leave is closely examined to provide 
analogies for what is found in the archaeological record. However, actualistic work falls short 
if there are no modern analogues for the past behaviours or contexts that archaeologists are 
attempting to reconstruct. Although experimentation can be helpful, it must be executed 
within a theoretical framework; it is not just new methods alone that will solve problems 
within BSM research. Along with these advances must come the acceptance of alternative 
approaches to interpreting both BSM themselves and their patterning within assemblages – 
and recognition of where our interpretive limitations lie. 
Experimental archaeology does, however, offer an avenue for much improvement in method. 
It is one of the primary approaches zooarchaeologists have used to describe the features of 
different mark types, but unfortunately few experiments use the same bone subjects. 
Experimental subjects run the gamut of bone material types by comparing domesticated 
animals to wild animals (Baquedano et al. 2012; Egeland 2007; Hill 1979; Munro and Bar-Oz 
2005; Njau 2006; Pante et al. 2012); different taxa in the same experiment (Baquedano et al. 
2012; Blumenschine et al. 1996; Domínguez-Rodrigo et al. 2012; Pante et al. 2012; 
Thompson and Lee-Gorishti 2007); different size-class or aged individuals (Baquedano et al. 
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2012; Domínguez-Rodrigo et al. 2012; Pante et al. 2012); and different elements used within 
and between taxa (Baquedano et al. 2012; Domínguez-Rodrigo et al. 2009a; de Juana et al. 
2010). Not all of these bone subjects have the same bone surface characteristics. For 
example, microscopic images of lamb (Ovis aries) and cow (Bos taurus) bones, although both 
domestic artiodactyl taxa, clearly demonstrate significant differences in the surface 
morphology and composition of their bones (Figure 2.6). These characteristics can also differ 
between elements within the same individual, and the extent to which this affects BSM is 
poorly understood (Archer and Braun 2013). 
 
Figure 2.6 Modern lamb (left) and cow (right) bone surface samples 
2.6 A PROBLEM OF TERMINOLOGY 
Reporting of BSM is also problematic. Terminology regarding BSM is not consistent 
between researchers, or even sometimes by the same researcher over time. We have 
identified over 300 individual definitions in the literature, including at least 80 definitions 
within the “cut mark” category alone. In many cases, the definition of certain mark types has 
changed slightly from publication to publication, and even by the same author (This problem 
of terminology goes beyond simply what we call specific surface marks to inferring causality 
from them. When mark morphology is described in terms that imply its general causality, 
such as ‘scrape’, ‘gnaw’, and ‘percussion’, we are effectively stripping it of all previous 
objectivity and imbuing it with our own subjective value. A major flaw of this subjective 
causality-based evaluation is also a lack of understanding of what causes individual variables 
within the different mark types. Therefore, not only is standardisation in terminology 
essential, but definitions of marks should be carefully designed such that the terms 
themselves are as objective as possible or purely descriptive. 
Table 2.1). In some cases, the fundamental approach to the definition has been altered. This 
problem of terminology goes beyond simply what we call specific surface marks to inferring 
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causality from them. When mark morphology is described in terms that imply its general 
causality, such as ‘scrape’, ‘gnaw’, and ‘percussion’, we are effectively stripping it of all 
previous objectivity and imbuing it with our own subjective value. A major flaw of this 
subjective causality-based evaluation is also a lack of understanding of what causes 
individual variables within the different mark types. Therefore, not only is standardisation in 
terminology essential, but definitions of marks should be carefully designed such that the 
terms themselves are as objective as possible or purely descriptive. 
Table 2.1 provides the example of how Shipman, over the course of three papers published 
within two years of each other, altered her definition of a slicing mark (Potts and Shipman 
1981; Shipman 1981; Shipman and Rose 1983a, 1984). This helps to illustrate how authors 
can and have refined their operational definition over a series of papers from one that mainly 
referred to the action that created the mark to one that emphasised the appearance of the 
mark. However, the problem becomes even more pertinent when looking at how different 
authors define the same term (Table 2.2). There is even inconsistency in how the same terms 
are defined in reference to a mark’s morphology versus definitions that also refer to its 
context (e.g. where on the bone it is located, what other marks are located near it, etc.). 
This problem of terminology goes beyond simply what we call specific surface marks to 
inferring causality from them. When mark morphology is described in terms that imply its 
general causality, such as ‘scrape’, ‘gnaw’, and ‘percussion’, we are effectively stripping it of 
all previous objectivity and imbuing it with our own subjective value. A major flaw of this 
subjective causality-based evaluation is also a lack of understanding of what causes 
individual variables within the different mark types. Therefore, not only is standardisation in 
terminology essential, but definitions of marks should be carefully designed such that the 
terms themselves are as objective as possible or purely descriptive. 
Table 2.1 Changes in definition of mark types by the same researcher modified over time. Note the shift from a causal based 
definition to a more descriptive definition 
Author Term Definition 
Potts and 
Shipman 1981 Slicing mark 
Produced by drawing the edge of an artefact across a bone surface 
in a direction continuous with the long axis of the edge. 
Shipman 1981 Slicing mark 
Produced by drawing the edge of a stone artefact across the 
surface in a direction continuous with the long axis of the edge. 
Functional equivalent of a tooth scratch produced by a stone 
artefact. 
Shipman and 
Rose 1983 Slicing mark 
Elongate groove containing within its edges multiple, fine, parallel 
striations oriented longitudinally. Sometimes appear to be V-
shaped in section, especially when viewed from above, but their 
actual cross section is of variable shape. 
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Table 2.2 Examples of how the same term has been defined differently by different authors. Note that some definitions focus 
on the action that produces a mark, while others are based on purely descriptive criteria 
Author Term Definition 
Potts and 
Shipman 1981 Scraping 
Formed by drawing an edge across the bone surface in a direction roughly 
perpendicular to the long axis of the edge. Multiple, fine, parallel striations 
across a broad area of bone rather than confined to a single, elongated main 
groove. 
Fisher 1995 Scrape Creates a set of multiple, closely spaced, and parallel or nearly parallel striations that are elongate, linear, and relatively narrow. 
Nilssen 2000 Scrape 
The knife blade is held perpendicular to the bone surface and is moved in a 
direction perpendicular to the length of the blade – no part of the cortical surface 
is shaved away, but fine striations which are perpendicular to the long axis of the 
scrape mark are produced due to irregularities along the knife blade. 
Stewart 2010 Scrape 
Results from a stone tool cutting edge moving across a bone surface at roughly a 
right angle to the direction that produces the cut marks - that is, perpendicular, 
rather than parallel, to the long axis of the cutting edge. 
Shipman 1981 Scraping Mark 
Produced by drawing an artefact across a bone surface in a direction roughly 
perpendicular to the long axis of the edge. Results in a fine series of parallel 
striations across a broad area of bone that may lie below the general level of the 
bone surface but in which there is no readily identifiable nadir. 
Contrasting to slicing marks, scraping marks are not confined to a main groove. 
2.7 SOLUTIONS  
To sum, the lack of a standardised consensus on how to identify BSMs on fossil assemblages 
is the result of a few central issues that are both ontological and epistemological. We contend 
that standardisation of several aspects of BSM research will be key to moving beyond these. 
First, how researchers talk about BSMs is different from author to author, thereby making it 
difficult to compare how marks are identified and described between sites, time periods, and 
researchers. This may be partially because many BSM are, by nature, highly variable 
(Domínguez-Rodrigo and Yravedra 2009). However, zooarchaeologists have now been 
studying BSM long enough that it is time to draw upon that rich history and significant body 
of literature (Figure 2.3; Figure 2.4) and develop agreed-upon key criteria and definitions. 
Along with this, we are tasked with better standardisation of our experimental analogues. We 
must determine: 1) what mechanics go into the creation of a certain mark and whether certain 
biomechanical movements leave diagnostic evidence; 2) exactly how much overlap occurs 
between the morphologies of mark populations created under different conditions and with 
what statistical probability we might expect a misdiagnosis to occur; and 3) what are the 
definitive margins of a mark; e.g. where does a mark stop and start, and how do we treat 
overlapping modifications? 
We have begun to address these three issues through creation of standardised “archetype” 
marks using 3D scanning equipment, and the statistical evaluation of degrees of overlap 
between mark types using 3D morphometrics. 3D scanning and morphometric analyses are 
not new in archaeology and have been used quite successfully in most areas of archaeological 
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study, notably in zooarchaeology (e.g. Bello et al. 2009, 2011a,b; Boschin and Crezzini 2012; 
Robinson 2012) and lithic analysis (e.g. Bretzke and Conard 2012). In BSM, they allow the 
analysis of morphological features that can be difficult to identify and quantify in a 2D 
microscope photograph, or even SEM image. Figure 2.7 shows a sample of 3D scans taken 
from different experimental assemblages; the cooler colours represent depressions and 
warmer colours elevations. These data were collected using a portable Nanofocus 3D laser 
scanning confocal microscope housed at the Max Planck Institute for Evolutionary 
Anthropology in Leipzig, Germany. Each image is made up of a minimum 56,000 sets of x, 
y, and z coordinates, which once condensed and run through a recently released program 
called ‘geomorph’, gives a simplified mesh output (Adams and Otárola-Castillo 2013). The 
mark then gets “cut out” so that only the coordinates inside the darkened mesh are saved. 
This much smaller, tidier file is then ready for geometric morphometric analysis, which 
provides a higher level of confidence in the separation of different mark shapes during 
analysis. This allows quantitative comparison of the shapes of individual modifications in 
conjunction with “classic” archetypes of marks made by different processes. From this work, 
an identification key can be constructed to allow researchers to identify those attributes that 
are easily observable and recordable without 3D morphometrics necessary for each individual 
mark. 
 
Figure 2.7 Shows raw 3D scans of human trampling (left) and ungulate trampling (right). Scales indicate depth in µm. 
In addition to novel approaches for standardisation of terms, mark descriptions, and mark 
analyses, another issue that demands a solution is that zooarchaeological experiments that 
observe the same or similar variables are different in their fundamental designs, making 
comparisons among similar experimental assemblages problematic. Many researchers also 
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test and compare variables that are different from experiment to experiment, or use different 
experimental subjects. A standard set of protocols is needed for experimental BSM studies, 
just as we would demand from any other form of scientific experimentation. We argue here 
that there has been sufficient experimental research using a multiplicity of approaches for 
zooarchaeologists to knowledgably draw out the most effective and/or accessible components 
and craft them into an industry standard that will ameliorate this problem. An appropriate 
starting point for this work would be to establish what the most inconsistent variables are in 
BSM experiments and then conduct a set of highly standardised tests to determine exactly 
what effects those variables have on BSM (e.g. bone density, bone shape, cortical thickness, 
etc.). This will allow researchers to maximally use existing data from prior experiments 
where the uncontrolled variables have been shown to have little or no impact on the results. 
2.8 CONCLUSIONS 
Correct determination of the agents that have interacted with a faunal assemblage provides 
highly specific insights into the ecological and subsistence behaviour of both hominins and 
other bone modifiers with which they share their environment. When these questions are 
answered accurately, sites with contentious zooarchaeological records have the potential to be 
robustly explained. It is the role of zooarchaeologists and taphonomists to differentiate causal 
agents from one another as they appear, and a major line of evidence for this comes from 
BSM. Unfortunately, these have been notoriously contentious, particularly as they are 
frequently subject to multiple taphonomic processes subsequent to initial burial and/or 
abandonment (Asmussen 2009; Blumenschine et al. 2007; Domínguez-Rodrigo et al. 2009a; 
Eren et al. 2010; Gaudzinski-Windheuser et al. 2010; Olsen and Shipman 1988; Pante et al. 
2012; Stiner et al. 2001; Thompson and Henshilwood 2011).  
Some contention may arise from the fact that BSMs are some of the most variable traces in 
the archaeological record. In any given population of marks there are always some that 
overlap in morphology with mark made by other processes (e.g. Domínguez-Rodrigo et al. 
2009a) – sometimes making analysis challenging, and other times completely hindering the 
ability of zooarchaeologists to agree on their origin. Therefore, large experimental and fossil 
populations of marked bones are desirable for interpretation but not always available (as in 
the case of marks that pre-date 2.0 Ma in Africa, those that are associated with extinct 
megafauna in Australia, or those that pre- date the entry of Clovis in the Americas). 
Furthermore, there has been an historical trend for interpretations of BSMs to reflect 
prevailing paradigms and individual research trajectories about past human and human 
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ancestral behaviour. This demands a critical evaluation of what obstacles zooarchaeologists 
face in the interpretation of BSM and a willingness for them to work toward approaches that 
will move the discipline forward. 
Several authors have advocated for increased standardisation through the use of approaches 
such as blind tests, development of objective descriptive criteria for BSM types, well-
published image databases, and agreed-upon contextual variables (Blumenschine et al. 1996; 
Domínguez-Rodrigo et al. 2009a; McPherron et al. 2010; Njau and Blumenschine 2012). We 
have identified several areas in which the introduction of standardised approaches would do 
much to break the repetitive cycle in which taphonomists have found themselves over the last 
twenty years: 1) experimental design, 2) experimental subjects, 3) sample sizes, 4) 
definitions/terms, 5) methods of data collection, 6) methods of description (including what it 
is that we choose to describe), and 7) methods of analysis. Taphonomy is well past its 
adolescence and, as a result, has a large body of experimental and non-experimental work 
upon which to base a truly new phase of research – and not simply another turn of the 
experimentation- reapplication cycle. 
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3. ARCHAEOLOGY AND SCIENCE 
3.1 SCIENTIFIC STANDARDS 
The scientific method is a series of tools and techniques based on empirical evidence used to 
investigate phenomena and acquire new (or improve old) knowledge (Windschitl et al. 2008). 
It is usually described as a cyclical or iterative process of systematic observation, 
measurement, and experiment, and the formulation, testing, and modification of 
hypotheses—as well as additional components, such as replication, peer review, and data 
sharing. There are particular practices that are integral to the core work of science— is a 
process testable, modifiable, explainable, conjectural, and generative?—which are organised 
around the development of evidence-based explanations of the way the natural world works 
(Giere 1991; Longino 1990; Windschitl et al. 2008).  
The scientific method is an important process as it provides a basis for questioning, testing, 
and understanding both simple and complex questions in a standardised way about the natural 
world through which information and data are easily disseminated (National Academies of 
Sciences Engineering and Medicine 2017). One way this is achieved is through data 
replication; that is, any researcher should be able to run the same experiment and produce 
acceptably similar results. Standardisation can also help to amend and amplify issues of 
compatibility, comparability, interpretability, repeatability, and quality (Moore et al. 2015; 
National Academies of Sciences Engineering and Medicine 2017). However, just because 
certain experimental or contextual standards are published does not necessarily imply that 
they are useful or correct. Skinner (1956) suggests that practices, such as the scientific 
method, have become an individualistic second nature to scientists, yet are never truly 
formalised either due to the inexplicability of how certain ideas occur or to the experiential 
aspect of performing and/or abandoning unprofitable methods (Richter 1953). It is argued, 
however, that the rise in the use of the scientific method as an everyday model for problem-
solving has depreciated its significance (Hodson 1996; Windschitl et al. 2008). The notion of 
a universal method for scientific inquiry goes against the nature of scientific investigation. 
Many scientists, including Dewey (1927) refute the assertion that there is “a” scientific 
method; rather different science sub-disciplines will form, pose, and investigate questions, 
and acquire and interpret data and evidence in different ways based on their theoretical and 
methodological frameworks (Bauer 1992; Hodson 1996; Windschitl et al. 2008).  
The empiricist contends that because natural science endeavours to be objective and 
unbiased, natural science has no point of view; or if it does, it is exactly a neutral point of 
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view (Tattersall and Schwartz 2002; Weber 2015). The standardisation of scientific 
processes, and knowledge generation and dissemination is a critical component for the 
broader application and acceptance of scientific data and communication of knowledge 
(Alberts and Shine 1994). Typically, science is a collaborative process that utilises replication 
and repeated confirmation from independent research groups investigating the same 
phenomenon. Consensus is gained through repeated testing of hypotheses, methods, and data 
by numerous independent researchers who have generated the same interpretations and 
conclusions (Tattersall and Schwartz 2002). This process of validation and verification of the 
work in question constitutes the peer-review process, which is a crucial aspect of scientific 
inquiry—although, not all bodies of scientific work are considered equal. Within any 
scientific discipline and sub-discipline, the peer reviewed body of research defines the 
breadth of theories being examined and evidence found to support or undermine the theories. 
Though nearly every scientific discipline comprises areas of legitimate scientific 
disagreement, the use of one theory over another changes the contextual paradigm through 
which scientists examine and reinterpret data and evidence.  
3.2 ARCHAEOLOGICAL STANDARDS 
Current archaeological taphonomic standards differ slightly depending on whether the 
process uses experimental data versus data primarily collected from archaeological 
assemblages. The majority of archaeological science uses de facto standards—that is, 
researchers follow informal conventions or dominant usage, rather than de jure standards—an 
official and impartial standard produced under consensus. The use of de facto standards allow 
for different levels of certainty as methods are often created without a true scientific basis and 
adopted without proper comprehension of the fundamental knowledge for the creation of the 
data (Blumenschine et al. 1996; Johnson 2010; Rada 1993). Johnson (2010) argues that the 
use of scientific approaches does not necessarily equate to the use of science as a distinctive 
approach to observe the past. For example, there is little understanding of the mechanics of 
cutting and the factors underlying cut mark production, yet cut marks are considered a 
morphologically distinct type of bone surface modification (Blumenschine et al. 1996; 
Domínguez-Rodrigo et al. 2009a). Physically, things cut by applying more pressure 
(!"#$$%"# = '()*+,)+- ) to a material than a material structure can withstand, forcing it to separate. 
Knives (and other cutting implements) do this by making their edges very thin, minimising 
the area so that, even under a small amount of force, the pressure is significant (Giancoli 
1985). Bone, being slightly viscoelastic (strain-rate dependent), can absorb pressures in 
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excess of 7MPa (megapascals) without breaking, resulting in a variety of BSM traces (Currey 
2002, 2006, 2012; Iyo et al. 2004; Reilly et al. 1974; Reilly and Burstein 1975). In order to 
confidently tie traces produced under experiment conditions back to archaeological 
assemblages, the use of de jure standards is required to determine the magnitude of BSM 
variation in experiments.  
Recently, there has been a push in the archaeological—and scientific—community towards 
voluntary, de jure standards which produce a more transparent culture where data and 
detailed methodologies are shared between researchers (Alberts 2010; Driver 2011; Johnson 
et al. 2013; Lyman 2016; White 1992; Wolverton 2013). Alberts and Shine (1994) examined 
the importance and applicability of the tradition of de facto standards across broader 
scientific research. They concluded that, though de facto standards are important for fostering 
and facilitating collegiality and informal peer-reviews, it is fundamentally outdated and 
insufficient for maintaining the rigorous scientific standards expected in the field (Alberts 
2010; Alberts and Shine 1994). The call for de jure standards is clear in taphonomic 
zooarchaeological studies. Johnson et al. (2013: 63) express the need for “a more rigorous 
protocol and stronger definition of cultural marks” with the aim of reducing traditions of 
expert-knowledge (e.g. Blumenschine et al. 1996; Domínguez-Rodrigo 2008; Domínguez-
Rodrigo et al. 2009a; Lyman 2005, 2008; Steele 2015; Thompson 2005; Thompson and 
Henshilwood 2011). White (1992) laments the lack of methodological standardisation in 
zooarchaeology from recovery to analysis, claiming the differences in methodologies make 
valid comparisons between zooarchaeological assemblages (archaeological and experimental) 
difficult, if not impossible (see also Clutton-Brock 1999; Legge 1978; Maltby 1958). The 
lack of comparative and analytical standards for BSM taphonomy stymies current and future 
research as researchers continually question analyses based on current de facto standards (e.g. 
Domínguez-Rodrigo et al. 2009a).  
When BSMs that shift current paradigms are found in archaeological assemblages, 
disagreements settle on questions of context, specifically, the age of the site, and whether cut 
marks can be present when lithics are not in strict association, instead of using them as a 
vehicle to expand current archaeological knowledge (e.g. Johnson 2007; Johnson et al. 2007; 
McPherron et al. 2010). For example, cut marked mammoth bones at sites that pre-dated 
Clovis occupation were questioned as to whether they were natural or modern modification, 
rather than the cultural marks ascribed by the authors (Johnson 2007; Johnson et al. 2007). 
These critics based their doubts on the age of sites, as well as a lack of lithics associated with 
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the bones (Cannon and Meltzer 2004; Collins et al. 2008; Krasinski and Haynes 2008). Cut 
marked bones from Dikika, Ethiopia suffered similar dissidence based upon the site dating to 
more than 3.39Ma, which, at the time, pre-dated known stone tools by 800ka, and with no 
associated stone tools documented at the site (e.g. Domínguez-Rodrigo et al. 2010b, 2011, 
and reply: McPherron et al. 2010, 2011). Given that, generally, researchers do not disregard 
carnivore tooth marks on archaeological assemblages just because there are no carnivore 
teeth or skeletons associated with the marked bones, why do we contend that cut marks on 
bone refuse must be associated with stone tools (Johnson et al. 2013)?  
3.2.1 Experimental design, terminology, comparison and replicability 
The design and generation of experimental assemblages has been a staple of archaeological 
science since the mid-20th century (Brain 1967, 1969; Guilday et al. 1962; Miller 1969). 
Modern analogues use the uniformitarian assumption to produce testable materials that can 
help to answer these questions (Binford 1981b; Johnson 2010). The lack of standardisation in 
experimental design is particularly evident in zooarchaeology (e.g. Clason 1972; Driver 
2011; Gifford-Gonzalez 1989a; White 1992), which regularly generates large and varied 
experimental assemblages, but is also seen in experimental lithic (Dibble and Rezek 2009; 
Evans 2014; Evans et al. 2014; Rezek et al. 2011) and ceramic literature (Evershed 2008; 
Outram 2008; Skibo and Schiffer 2008; Tite 1999). Bone surface modification studies are 
notorious for lacking standardisation in the design and control of the variables under 
investigation (Driver 2011; Johnson et al. 2013; White 1992). Much of the experimental 
BSM research has sought to refute previous experiments and interpretations, rather than 
complement and test them, thereby, impeding efforts to produce standardised methods for 
experimentation, data collection, analysis, and interpretation (e.g. Baquedano et al. 2012; 
Blumenschine et al. 2007; Domínguez-Rodrigo and Barba 2006, 2007; Njau 2006; Njau and 
Blumenschine 2012).  
For the most part, BSM studies aim to build upon knowledge produced by previous 
experiments; however, it is difficult, or impossible, to expand datasets and compare between 
analysts when there are no standards for experimental design, analysis, or interpretation. For 
example, Baquedano et al. (2012) broadens the research on crocodile bone-modifying 
behaviour and palaeoecology conducted by Njau (2006) and Njau and Blumenschine (2006, 
2012) by increasing the sample and experimental conditions with the goal of documenting 
variability in crocodile feeding behaviours. In the initial research, Njau and Blumenschine 
(2006: 146) used 90 captive Nile crocodiles (0.9m to 4m in length) from two farms across 15 
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feeding trials to form a baseline for comparison with the naturalistic observations using free-
range Nile crocodiles. The experimental bone subjects used for this study included whole and 
segmented goat carcasses and detached, articulated, and fleshed cow limbs to total 191 
marked specimens. These results are then compared to the naturalistic observations gathered 
from 548 bones analysed in situ (Njau 2006; Njau and Blumenschine 2006). In contrast, the 
Baquedano et al. (2012) study used eight captive female crocodiles from a Spanish zoo (1.3m 
to 3.1m in length), which were fed a total of 19 pig/boar, sheep, and cow bones across a four 
month feeding trial resulting in 198 disarticulated elements with 133 marks documented on 
28 bones. Both projects aimed to establish patterns of feeding behaviour in order to relate 
specific behaviours back to tooth mark traces in the archaeological record. The behavioural 
outcome of Baquedano et al.’s study varied significantly with Njau’s (2006) results, with the 
former study urging “caution in the interpretation of hominin-crocodile interaction at the 
Olduvai Bed I sites when using the previous modern [Njau’s] analog” (2012: 1729). 
However, the comparability of these two experiments is difficult to determine as there are 
considerable differences in the experimental designs—specifically, the length of feeding 
time, the different sizes and numbers of experimental actors (90 captive and free-range versus 
8 captive), and the different experimental bone subjects (goat and cow versus pig/boar, sheep, 
and cow) (Baquedano et al. 2012; Njau and Blumenschine 2006, 2012). Any one of these 
variables can alter the outcomes of the experiment; however, little attention is given to how 
much change occurs. For example, how do the results from Baquedano et al.’s study change 
if they used the same experimental subjects? Or how does the length of feeding time affect 
mark occurrence (cf. Gidna et al. 2013)? There should be an effort to test the experimental 
design with the aim of achieving a minimum standard for the design of experiments for 
certain actors and effectors, which may differ depending on the level of replicability desired 
by investigators. If there is no consensus after testing, then the experiment needs to be re-
designed until consensus is achieved.  
Most of the comparative methods used in archaeological science stem from the traditional 
antiquarian seriation-style processes of shape and feature identifications, and grouping 
artefacts based upon those shapes and features (Binford 1981b; Herzlinger et al. 2017; 
Trigger 2007). While these techniques are mostly associated with the categorisation of 
intentionally made objects (e.g. stone tools and pottery), similar processes are used for the 
identification of unintentionally-created BSM traces (e.g. differentiating between percussion 
marks and tooth marks) (Blumenschine 1995; Blumenschine et al. 1996; Capaldo 1997; 
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Domínguez-Rodrigo and Barba 2006; Pante et al. 2012, 2015). The subjective nature of this 
comparative framework, however, introduces the potential for discrepancies between analysts 
(Domínguez-Rodrigo et al. 2009a, 2010b; McPherron et al. 2010). Zooarchaeological 
literature has recently moved away from solely subjective analysis of BSM traces (e.g. 
Domínguez-Rodrigo et al. 2009a), advocating for more statistically quantifiable methods of 
understanding and identifying surface mark morphology (Harris et al. 2017; Otárola-Castillo 
et al. forthcoming; Pante et al. 2017; see also Serb et al. 2011), although few of these new 
quantitative methods base BSM identifications on geometric morphometric shape analysis in 
true 3-dimensional space (Otárola-Castillo et al. forthcoming). However, as these approaches 
to bone surface modification comparison and analysis are experimental, testing is essential to 
verify and validate these methods.  
Evans (2014: 6) argues that blind testing is a requirement for the evaluation, standardisation, 
and calibration of any analytical or comparative technique, both new and old. The 
effectiveness of blind tests is twofold: 1) they can be used to test the behaviour, capability, 
and reliability of the analyst, and 2) they can be used to evaluate and calibrate the technique 
(Blumenschine et al. 1996; Crowther and Haslam 2007; Evans 2014; Evans et al. 2014; 
Wadley and Lombard 2007); however, the effectiveness of blind testing also relies heavily on 
‘expert knowledge’ and comparative experimental datasets. This reliance on ‘expert-
knowledge’ is not overly objective, as different experts can see traits in different ways, which 
is partially due to the inaccessibility of comparative datasets between analysts. Most analysts 
will create their own experimental datasets that are designed around, and answer, specific 
questions related to the archaeological record. Due to the way taphonomic experiments are 
designed, analysts know which actors and effectors have accessed the assemblage, which 
allows for high levels of inferential confidence. High levels of confidence are required to 
correctly identify and describe BSM between researchers; however, due to gaps in knowledge 
of BSM life histories, confidence levels inevitably lower as actors and effectors are not 100% 
known and other post-depositional taphonomic actors (root etching, microbial bioerosion, 
burrowing insects, rockfall, etc.) also modify the bone surface and any traces present (e.g. 
Backwell et al. 2012; Blumenschine et al. 2007; Britt et al. 2008; Domínguez-Rodrigo and 
Barba 2006, 2007). ‘Expert knowledge’ is highly dependent on the experimental dataset 
accessible to the ‘expert’; however, these datasets, despite having high levels of confidence 
attached to them, may not be comparable to other datasets and, therefore, another ‘expert’s 
knowledge’.  
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True replicability in taphonomic experiments requires researchers to be completely candid 
and open about their methods, data, and analysis with meticulous detail, which includes 
detailing which bone cleaning preparations the bone assemblages were subjected to and how 
long the cleaning methods lasted. Additionally, without identifying and tracking all of the 
variables that can influence an experiment, research cannot be truly replicated. Replicability 
in butchery experiments is also affected by the terminology used. Across many 
archaeological sub-disciplines, terminology implies causality and/or function; for instance, 
bone surface morphology uses causality-based terminology to differentiate between actors, 
effector, and actions, which can influence the interpretation and, ultimately, alter the 
significance of modifications and sites (Domínguez-Rodrigo et al. 2010b, 2012; McPherron 
et al. 2010). Terms like cut, slice, pit, score, notch, and scratch are not just used to describe a 
specific modification type; for example, the term ‘notch’ is used to describe traces produced 
by percussion marks, tooth marks, and (though rare) cut marks—usually in relation to chop 
marks created by axes or swords (Andrews and Cook 1985; Archer and Braun 2013; 
Behrensmeyer et al. 1986; Blumenschine 1995; Blumenschine et al. 1996; Domínguez-
Rodrigo and Barba 2006; Fisher 1995; Haynes 1983; Lewis 2008; Lloveras et al. 2012; 
Nilssen 2000; Njau 2006; Shipman 1981; Shipman and Rose 1983a). As terminology is how 
researchers communicate with each other, it needs to have a quantitative backing to allow for 
more robust (more objective) interpretations and diagnostic traits (Johnson et al. 2013; 
Lyman 2016; Pante et al. 2017; Thompson et al. 2015). Over the last few decades many 
archaeological sub-disciplines have sought to establish a consensus for terminology and 
nomenclature to provide a standardised process for communication between researchers, such 
as the International Code for Zoological Nomenclature (ICZN 2012; see also Madella et al. 
2005). 
3.2.2 Preparation for analysis  
Zooarchaeological taphonomy utilises experimental assemblages to create modern analogues 
for past behaviours that cannot be observed in the archaeological record (e.g. Domínguez-
Rodrigo et al. 2014; Schick 1991; Yeshurun et al. 2007). These experimental assemblages, 
methods, and results ideally should be completely replicable between researchers as repeated 
testing with similar outcomes strengthens the interpretations attached to the assemblages (e.g. 
Eren et al. 2016; Kuhn 2012; Outram 2008; Seetah 2008; Weber 2015). However, this may 
become less feasible as actualistic conditions becomes less controlled. Uniformitarianism 
allows us to observe otherwise unobservable past behaviours through the use of modern 
36 
analogues and the assumption that processes in the past are the same as they are today 
(Gifford-Gonzalez 1989b, 1991; Leatherdale 1974; Scott 1963). However, the introduction of 
non-uniform processes during excavation, experimentation, or sample preparation may also 
introduce modern “contamination” into the assemblage, meaning that a portion of what is 
being observed through data collection and analysis procedures may contain modern 
contaminants (e.g. Crowther et al. 2014; Crowther and Haslam 2007; Hayes et al. 2017; 
Yates et al. 2015). One process that all experimental bone assemblages must undergo, but 
which is rarely standardised between experiments, is that of cleaning: the means used to 
separate any adhering flesh, tissue, and/or periosteum from bones. Researchers have already 
identified how different cleaning treatments affect experimental bone subjects (Denys 2002; 
Koon et al. 2003; Nicholson 1996; Roberts et al. 2002; Yin et al. 2010), yet there has been 
little assessment on the impact to bone surface modifications and, by extension, the 
interpretation of dominant zooarchaeological assemblages. In light of this, there are several 
steps that zooarchaeologists can take to ensure their experimental conditions are as 
comparable as possible, including standardisation with candid communication of the 
experimental design and analysis, particularly with regard to the terminologies used and the 
ability for other researchers to compare or replicate the experiments.  
3.2.3 Analysis and Interpretation 
Experimental work on bone surface modifications is of broad utility across the discipline of 
zooarchaeology, but it has occupied a particularly prominent position in the interpretation of 
Early Stone Age (ESA) / Palaeolithic faunal assemblages (Baquedano et al. 2012; 
Blumenschine 1995; Domínguez-Rodrigo 1997; Merritt 2015; Njau and Blumenschine 2006; 
Saladié et al. 2013). In some cases, debates about the interpretation of marks on bone surfaces 
have led to major divergences in site interpretation, with arguments based on observations 
from different experimental datasets (Blumenschine et al. 2007; Domínguez-Rodrigo et al. 
2010b; Domínguez-Rodrigo and Barba 2006; McPherron et al. 2010). Some of these features, 
however, have been defined in ways that are incongruous with previous depictions, making 
comparisons difficult between analysts. For example, Shipman and Rose (1983a) and Fisher 
(1995) describe a barb as a feature that will usually appear on either the initiation or 
termination (or both) of a cut mark at an acute angle to the orientation of the mark; whereas 
Domínguez-Rodrigo et al. (2009a) defined a barb as a shallow, slightly curved “open hook” 
shape on the end of a mark, which were observed on less than 6% of their assemblage. A 
slightly curved, “open hook” is less likely to occur on a cut mark as the wrist action required 
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is not a natural movement, unless the tool slipped during butchery. Quantitatively, there is a 
consensus in zooarchaeology that the assessment of BSM through 2D and 3D morphometric 
analyses would better aid in classifications of BSM than the current approaches to BSM 
analysis (Adams and Otárola-Castillo 2013; Boschin and Crezzini 2012; Johnson et al. 2013; 
Lemke 2013; Otárola-Castillo et al. forthcoming; Pante et al. 2017); this approach has been 
also been advocated in lithic research (e.g. Eren et al. 2014; Herzlinger et al. 2017), 
palaeoanthropology (e.g. Rein et al. 2015; Robinson 2012; Villmoare et al. 2015), and 
archaeobotany (e.g. Coster and Field 2015).  
3.3 SOLUTIONS TO BSM STANDARDISATION PROBLEMS 
This thesis seeks to find solutions to these issues of standardisation by examining how 
researchers prepare experimental assemblages and how experimental design influences 
experimental outcomes by creating an experimental design with the focus of standardising a 
range of variables.  
3.3.1 Method of preparation 
Experimental taphonomy consists of exposing skeletal remains to various taphonomic 
processes and examining the effects of the exposure (Denys 2002; Marean 2001). 
Researchers prepare their experimental bone assemblages using a variety of methods that 
may involve chemical, thermal, organic, or mechanical processes —or a combination thereof 
(Table 3.1). Although the objective is simply to clean the bones for study, these procedures 
subject experimental bone surfaces to processes that fossil bones may not have undergone. It 
is assumed that thermal and chemical processes that occurred in the past, such as cooking and 
weathering, often make cultural and non-cultural markings on bone difficult to identify 
(Andrews and Cook 1985; Blumenschine et al. 2007; Domínguez-Rodrigo and Barba 2006, 
2007; Lyman 2008; Nicholson 1996; Roberts et al. 2002). However, it is not clear how 
similar processes might affect marks on the experimental surfaces, and no quantitative data 
have been presented that demonstrate which methods of preparation are more suitable than 
others. There is also a distinct possibility that differences across bone portions—for long 
bones, the epiphysis, metaphysis, and diaphysis—could react differently to the cleaning 
process, because of different bone structure and bone densities (Currey 2006, 2012; Gilbert 
1989; Iyo et al. 2004; Lam et al. 2003, 1999; Lam and Pearson 2005; Yin et al. 2010). This is 
potentially problematic because different bone portions undergo differential taphonomic 
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processes from both humans and other agents (Lyman 2005; Marean et al. 1992; Pobiner et 
al. 2008). 
Table 3.1 How different experimental bone assemblages have been prepared for examination of taphonomic surface 
modifications 
Preparation Process References 
Tap Water Boiling 
Andrews 1995; Bello et al. 2009, 2011; Blumenschine 1988; Bosch et al. 2011; 
Boschin and Crezzini 2012; Bromage and Boyde 1984; Buc 2011; Church and Lyman 
2003; Churchill et al. 2009; Clark 2011; Collins et al. 2002; D’Amore and 
Blumenschine 2009; Delaney-Rivera et al. 2009; Denys 2002; Eickhoff and Herrmann 
1985; Fisher 1995; Guilday et al. 1962; Hill et al. 2008; Koon et al. 2010; Letourneux 
and Pétillon 2008; Lewis 2008; Lupo and O’Connell 2002; Marean and Bertino 1994; 
Medina et al. 2012; Merritt 2012, 2011; Metcalfe and Barlow 1992; Monnier and 
Bischoff 2014; Munro and Bar-Oz 2005; Nicholson 1993; Nilssen 2000; O’Connell et 
al. 1988; Olsen and Shipman 1988; Pante 2010; Pante et al. 2012; Peres 2010; 
Pickering and Egeland 2006; Pobiner 2007; Potter 2005; Rixson 1989; Roberts et al. 
2002; Shipman and Rose 1983; Thompson and Lee-Gorishti 2007; Walker and Long 
1977; White 1992 
Prolonged Simmering 
D’Amore and Blumenschine 2009; Domínguez-Rodrigo and Yravedra 2009; 
Domínguez-Rodrigo 2008, 2003, 1999; Domínguez-Rodrigo et al. 2009a, 2009b; 
Ferllini 2012; Galán et al. 2009; Hanson and Cain 2007; Koon et al. 2010; Lupo 2006; 
Metcalfe and Barlow 1992; Munro and Bar-Oz 2005; Nilssen 2000; Njau and 
Blumenschine 2006 
Laundry Powder/ Liquid 
Boiling 
Bello et al. 2009; Blumenschine 1988; D’Amore and Blumenschine 2009; De Juana 
and Domínguez-Rodrigo 2011; Fernández-Jalvo and Monfort 2008; Njau and 
Blumenschine 2006; Njau 2006; Ossian 1970; Pobiner 2007 
Maceration 
(Hot/Warm/Cold) 
Archer and Braun 2013; Ascher 1961; Churchill et al. 2009; Dewbury and Russell 
2007; Egeland 2007; Esteban-Nadal et al. 2010; Ferllini 2012; Fernández-Jalvo and 
Monfort 2008; Greenfield and Arnold 2008; Guilday et al. 1962; Hill 1975; Koon et al. 
2003; Ossian 1970; Peres 2010; Pickering and Wallis 1997; Plummer and Stanford 
2000; Pobiner 2007; Schmeichel and English 1936; Sommer and Anderson 1974; 
Waltenberger and Schutkowski 2017; Westaway et al. 2011; Yin et al. 2010 
Many techniques used to divest bones of adhering flesh and periosteum are detrimental to the 
bone surfaces themselves. Boiling bones in a solution that contains detergent can cause the 
surface of the bone to flake away, as well as obscure butchery marks (Koon et al. 2010; 
Ossian 1970; Roberts et al. 2002). Burying the bones is a more natural method of defleshing 
as they are exposed to environmental processes of decomposition; however, depending on the 
length of interment and characteristics of the soil, the bones can be damaged (Hill 1979; 
Holden et al. 1995; Koon et al. 2003). Nicholson (1996) discussed the extent to which bones 
are affected in different soils and drainages over seven years. The work showed extensive 
damage to the bone cortex when buried in acidic soils, similar modification with less bone 
loss in neutral soils, and only microscopically observable pits and channeling with little loss 
of external circumferential lamellae when buried in basic soils. Hot water maceration is 
argued to be a valid method for cleaning experimental assemblages as it preserves bone 
quality and is low in time, labour intensity, and cost (Dewbury and Russell 2007; Hill 1975; 
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Ossian 1970; Reitz and Wing 2010; Sommer and Anderson 1974). Alternatively, allowing the 
reference material to be cleaned by dermestid beetles (Dermestes maculatus) is, like burial, a 
more natural way of divesting excess tissue from bone surfaces without the added complexity 
of regulating how the soil affects the bone. Depending on accessibility, the size of the colony, 
and the amount of experimental bones requiring cleaning, this can be both time and labour 
intensive and may even result in additional modifications to bones (Backwell et al. 2012; 
Britt et al. 2008; Churchill et al. 2009; Fernández-Jalvo and Monfort 2008; Hill 1975; Huchet 
et al. 2013; Jodry and Stanford 1992; Ossian 1970; Parkinson 2012; Pickering and Wallis 
1997; Sommer and Anderson 1974). 
Chapter Five will investigate how bone surface modifications are affected by some of the 
most commonly available and commonly used thermal and enzymatic modes of preparation. 
The emphasis is placed on cut marks, because they are widely used and diagnostic traces of 
past human interaction with a faunal assemblage. However, traces caused by other agents 
would presumably react in similar ways as it is the bone that is actually being altered. The 
purpose of this experiment is to first discern how much change—if any—occurs to 
experimental bone surface modifications when subjected to common cleaning methods. This 
also leads into questions of mark characterisation and identification, whether experimental 
bone modifications are comparable to marks from the archaeological record (Blumenschine 
and Selvaggio 1988, 1991; Domínguez-Rodrigo 1997; Domínguez-Rodrigo and Barba 2006). 
3.3.2 Mechanical experiments 
Mechanical experiments represent a strictly controlled assemblage where impact angle, 
velocity, and force are tightly controlled, altering a single variable between each experimental 
subject. The difference between the mechanical and controlled butchery (below) assemblages 
is the amount of control available (Dibble and Rezek 2009). Even with the angle, velocity, 
and force of strikes being controlled and restricted in the controlled butchery experiments, 
there is still the uncontrollable human factor and the opportunity—however slight—of the 
introduction of investigator bias (Dewbury and Russell 2007; Peres 2010). With the 
introduction of the mechanical experiments, the human element is circumvented in the 
creation of butchery marks, which allows for higher fidelity replication of the assemblages. 
The impact angle, velocity, and force is also tightly controlled as the mechanical arm utilises 
accelerometers and load cells that measure the changes in the variables at the nanosecond 
level.  
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3.3.3 Controlled and freeform experiments 
Actualistic research has been an instrumental part of zooarchaeology over the last fifty years 
(Binford 1978, 1981b; Blumenschine 1995; Bonnichsen 1983; Brain 1981; Johnson 1983). 
Actualistic research may be defined as studies of modern representations and methods that 
can be used to facilitate an understanding of past patterns and processes in the archaeological 
record (Gifford-Gonzalez 1989b; Kowalewski and Labarbera 2004; Lyman 2001). Within the 
uniformitarian interpretive rubric of actualistic zooarchaeology, experimental studies play the 
important role of producing bone assemblages under relatively controlled conditions that can 
be compared to zooarchaeological examples. In the case of surface modifications to bone 
(e.g., cut marks, tooth marks, percussion marks, insect marks, etc.), experimental work allows 
for more confident linkages to be established between physical traces and the observed 
agencies responsible for them. This is invaluable in zooarchaeology for the interpretation of 
traces left on fossil bones, with the goal of distinguishing human and non-human agents and 
abiotic processes. Thus, it is essential that the modern reference analogues resemble their past 
counterparts with excellent fidelity and that any potential sources of difference be well-
understood. For this reason, this research has aimed to generate a large body of naturalistic 
and controlled manual cut and percussion marks. The controlled butchery assemblage allows 
for identification of how basic physical variables— impact force, velocity, and angle—can 
affect the appearance of mark features, specifically between 90° cutting marks, 45/135° 
slicing marks, and 15/165° scraping marks, and comparing these marks against the freeform 
and mechanical assemblages for identification.  
3.3.4 Analytical approaches to data collection  
Domínguez-Rodrigo et al. (2009a) provides a detailed protocol for qualitatively addressing 
and differentiating cut marks from trampling marks with 14 features examined per mark. The 
assemblages included human trampling in sand, human butchering with unretouched flakes, 
human butchering with retouched flakes, and human butchering with “humanly unmodified 
rocks” referred to as HURs (Domínguez-Rodrigo et al. 2009a, 2012). Monnier and Bischoff 
(2014) tested the protocols, assumptions, data, and interpretations through the addition of two 
more experimental assemblages: human butchering with HURs and a mechanical rock 
tumbler with HURs to represent random trampling. The addition of the Monnier and Bischoff 
assemblages helps to identify whether the experiment designed by Domínguez-Rodrigo and 
colleagues yields robust data for HUR-modified assemblages in the same way that this 
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research will validate and verify the human butchery assemblages produced with unretouched 
flakes.  
Unlike the single protocol for cut mark identification, percussion marks proved to be slightly 
more challenging. Percussion mark morphology, like mammalian tooth mark morphology, 
tends to lack a single detailed protocol for identification. Galán et al. (2009) provides a very 
basic summary of qualitative features, somewhat akin to the cut mark protocols established 
by Domínguez-Rodrigo et al. (2009a), yet ultimately lacking in the minute details of 
percussion mark characteristics that facilitates a greater understanding of how different 
variables affect different morphological attributes when they are created and how they differ 
from similar marks. The utilised protocol is an adaption of Thompson et al.’s (2015) 
protocols used to classify marks found during survey and fossil collection of the open-air 
Pliocene site of Dikika, Ethiopia. Finally, qualitative measurement of cut mark lengths (e.g. 
Bello et al. 2009; Domínguez-Rodrigo et al. 2009a; Monnier and Bischoff 2014) and 
percussion mark areas (e.g. Capaldo and Blumenschine 1994; Domínguez-Rodrigo and Barba 
2006; Galán et al. 2009; De Juana and Domínguez-Rodrigo 2011) allows for comparisons to 
be drawn between the naturalistic, the controlled human butchery, and the hyper-controlled 
mechanical butchery assemblages.  
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4. BUTCHERY EXPERIMENTS: METHODS AND ANALYTICAL PROCEDURES 
4.1 AIMS 
The vast majority of experimental archaeological research involves replicative methods and 
processes (e.g. Andrews 1995; Domínguez-Rodrigo et al. 2009a; Eren et al. 2010; Galán et 
al. 2009; O’Driscoll and Thompson 2014; Walker and Long 1977). This is not only true for 
zooarchaeology, but is also a prominent issue in lithic analysis (Bordes 1947; Dibble and 
Rezek 2009; Hayden and Hutchings 1989; Ohnuma and Bergman 1988). However, the 
problem with replicative studies is that many studies are not, in essence, true replications of 
past practices or even repeatable between researchers (see previous chapters). With so many 
variables (see Table 4.1) to control for it is incredibly difficult for researchers to gather the 
same data when repeating or replicating experiments. If we cannot replicate the same 
modification variables between experimental assemblages, then which of the many 
taphonomic experiments are actually relevant to the fossil assemblage? The aim of this 
research is to identify the ways in which different variables in mark production influence 
butchery mark morphology. This chapter describes the methods and protocols used in three 
sets of experiments. The first experiment examines methods used to prepare experimentally 
produced bone assemblages in order to identify how common preparation methods affect 
butchery mark morphology. The second experiment will produce BSM under mechanically 
controlled conditions, to determine how angle, velocity, and force affect butchery mark 
morphology (Table 4.1). While the final experiment will produce BSM created under 
controlled and freeform butchery conditions in order to understand how angle, velocity, and 
force affect butchery mark morphology (Table 4.1). These are controlled through proxies 
such as the weight of the tool and impact head, height/length of mechanical arm, replicated 
activity, and tool type used. Table 4.1 details how the core values are controlled and 
influenced by the manipulation of the proxy components. The experiments investigate if, and 
the extent to which, each of these individual variables affects the morphology and key 
characteristics of a butchery cut and percussion mark. Key cut mark characteristics were 
adapted from Domínguez-Rodrigo et al. (2009a; Monnier and Bischoff 2014), while 
percussion mark traits followed Thompson et al. (2015) (Table 4.2). These key characteristics 
included groove trajectory, mark symmetry, groove shape, the presence of shoulder effect 
and flaking, among other general morphology (e.g. barbs and tangs).  
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Table 4.1 Core variables and sub-variables 
Variable Angle Force Velocity 
Proxy 
Component 
- Bone position 
- Tool position 
- Action – slice, 
scrape, etc. 
- Percussive height 
- Tool mass / Impact head mass 
- Acceleration . = /01/23   
- Height / length of arm 
- Cutting length 
- Shoulder rotation / elbow flexion 
/extension 
 
Table 4.2 Summary of attributes used for identification of cut marks and percussion marks 
Cut Marks  Percussion Marks 
Trajectory of the groove Location of microstriations relative to main mark 
Presence or absence of a barb Location of main mark 
Shape of the groove Main mark damage type – primary trait 
Symmetry of the groove Main mark damage type – secondary trait 
Shoulder effect and associated shallower striae Main mark damage type – tertiary trait 
Presence of flaking on the shoulders of the groove Bruising 
Presence of internal microstriations  
Microstriation trajectory  
Shape of microstriation trajectory  
Location of microstriations  
 
4.2 EXPERIMENTAL SUBJECTS 
Sub-adult Ovis aries femoral bones were chosen for all aspects of this study as they are 
readily available in large quantities from local butchers and abattoirs, where the lambs are of 
an approximate age of 10-12 months at slaughter, according to the Meat Standards Australia 
for sheep meat (Meat & Livestock Australia 2015: 18). Additionally, using the same species 
at the same or similar ages provides a valid and demonstrable baseline for this and future 
studies. As was discussed previously in Chapter 2, the use of the same or similar bone 
subjects in experimental taphonomy is severely lacking in experimental taphonomic research. 
Although sub-adult bones are usually less dense than fully grown adult bones (Waltenberger 
and Schutkowski 2017), there have been many studies that utilise sub-adult and / or juvenile 
bones as experimental subjects (Blumenschine et al. 1996; Domínguez-Rodrigo 2009; 
Haynes 1980; e.g. Merritt 2011; Njau and Blumenschine 2006; Pickering and Egeland 2006; 
Pobiner and Braun 2005). It should be noted that, cortical bone texture may differ between 
adults and sub-adults of the same species, which may affect the resultant BSM; however, to 
fully understand the extents of this requires further investigation not currently within the 
scope of this thesis. This study, however, is the only experimental study that purposefully 
keeps consistent the same bone element from a single species of the same approximate age, 
with both proximal and distal epiphyses semi-fused. 
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4.2.1 Preparation of experimental subjects 
Results of the method of preparation experiments (Chapter 5) demonstrated that carefully-
monitored dermestid beetles (Dermestes maculatus) can clean bones with the smallest 
probability of additional alteration of experimental BSM (e.g. Backwell et al. 2012; 
Parkinson 2012; Schroeder et al. 2002; Sommer and Anderson 1974). The colony used was 
one that was cultivated and maintained since 2013. For the cut marked bones, which were 
whole, an access hole was drilled vertically through the spongy bone of the epiphyseal ends 
into the medullary cavity to allow the dermestids to remove the marrow, thereby not affecting 
cut marks or bone integrity during percussion. D. maculatus pupae consume flesh and 
marrow; though, given prolonged exposure they may also consume bone (e.g. Britt et al. 
2008; Parkinson 2012; Schroeder et al. 2002; Sommer and Anderson 1974). The maximum 
length of time the bones were exposed to the beetles was two weeks, which occurred during a 
summer heat wave that arrested the dermestids appetite (e.g. Schroeder et al. 2002).  
4.3 METHODS OF PREPARATION EXPERIMENTS 
Methods for cleaning experimental assemblages cover a range of thermal, chemical, 
mechanical, and organic processes to remove adhering tissue and grease, though none are 
standardised between experiments or researchers (Table 4.3). The preparation methods under 
investigation in this study include prolonged simmering, tap water and enzymatic detergent 
boiling, and maceration. These processes represent the most commonly used preparations 
methods used in experimental archaeological and forensic science (Table 4.3). Blumenschine 
previously noted that the number of bone fragments were considerably influenced “…by 
degrading periosteum that connected fragments considered originally to be one. The extent to 
which fragment numbers were increased was widely divergent among assemblages, such that 
the effect of boiling is difficult to control for” (1988b: 487).  
Table 4.3 Processes and preparation methods used to clean experimental assemblages. 
Process Preparation methods 
Thermal 
- Maceration (e.g. Davis and Payne 1992; Fernández-Jalvo and Monfort 2008; 
Pickering and Wallis 1997) 
- Prolonged simmering (e.g. Fernández-Jalvo and Monfort 2008; Njau 2006; 
Njau and Blumenschine 2006) 
- Boiling (e.g. Blumenschine 1988b; Fernández-Jalvo and Monfort 2008) 
Chemical 
- Enzymatic action (e.g. Davis and Payne 1992; Fernández-Jalvo and Monfort 
2008; Hill 1975; Mairs et al. 2004; Yin et al. 2010) 
- Soaking in bleach (e.g. Fernández-Jalvo and Monfort 2008) 
- Soap/detergent (e.g. Amore and Blumenschine 2009; Blumenschine 1988b; 
Capaldo and Blumenschine 1994; Fernández-Jalvo and Monfort 2008; Njau 
2006; Njau and Blumenschine 2006; Pickering and Wallis 1997) 
- Acetone (e.g. Fernández-Jalvo and Monfort 2008) 
- Acid baths (e.g. Fernández-Jalvo and Monfort 2008) 
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Mechanical 
- Pot scrubbers (e.g. Landt 2007) 
- Brushes (e.g. Bromage 1984; Gordon 1982; Nilssen 2000; Sala and Arsuaga 
2013) 
- Hand peeling (e.g. Amore and Blumenschine 2009; Lemke 2013) 
Organic 
- Dermestid beetles (e.g. Fernández-Jalvo and Monfort 2008; Parkinson 2012) 
- Burial (e.g. Davis and Payne 1992; Fernández-Jalvo and Monfort 2008; 
Nicholson 1993, 1996) 
- Cold water maceration (e.g. Davis and Payne 1992; Fernández-Jalvo and 
Monfort 2008; Pickering and Wallis 1997; Yin et al. 2010) 
4.3.1 Methods 
The femora were already defleshed by commercial butchers and metal knife marks were 
observed only on the epiphyseal ends from disarticulation of the innominate and tibia. Any 
marks that were present on the femora prior to the experiments (potentially, for example, 
from a butcher’s knife) were marked with an India-ink pen to avoid any confusion with the 
stone tool marks created. The bones were first prepared for microscopic analysis by wrapping 
them in a towel and striking them with a hammer to break them up and facilitate removal of 
the marrow without causing extraneous marks and to remove the epiphyseal ends 
(Domínguez-Rodrigo et al. 2009a). The cortical surfaces were then prepared by manually 
pulling the adhering periosteum off and cleaning the marrow cavity (but not the surfaces) 
with a soft toothbrush and gently running water. Given the approximate age of the bones (10-
12 months at slaughter), as well as the fresh (green) nature of the bones, the removal of the 
periosteum was simple and did not require the use of a scalpel.  
Using two simple (unretouched) flint flakes, single-stroke cut marks were placed at roughly 
5-10mm intervals along the cortical bone surface—both on shaft fragments and near-
epiphysis shaft fragments. Efforts were made to ensure the flint flakes were held at 90°±10° 
and imparted with equivalent force, a locked wrist to avoid following the bone contour, and 
relatively uniform cut mark lengths. The flakes were utilised until the edge became unusable, 
that is, the cutting edge became dull and could not incise the bone without noticeable force. 
The size of the bone fragments was the determining factor for the number of cut marks that 
could be inflicted onto the bone. Efforts were made to keep the number as a multiple of five 
(5)—e.g. five, ten, fifteen, etc.—however, in rare cases some bones were marked with 
superfluous cut marks, therefore, resulting in slightly higher total mark counts for some of the 
experimental assemblages. All marks on each bone fragment were identified, photographed, 
and measured, both qualitatively (e.g. Domínguez-Rodrigo et al. 2009a; Monnier and 
Bischoff 2014) and quantitatively (e.g. Archer and Braun 2013; Lyman 2001). The only 
condition was a required minimum of thirty (30) cut marks for each experiment to ensure the 
results were statistically viable. The fragments and marks were issued with an individual ID 
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and accompanying scaled photographs, and placed into hessian geological sample bags 
according to mark numbers and experiment type (Table 4.4). Tap water (average pH of 7.7 
from three tests) was used for all experiments, with each experiment using 5L of water. 
Additives included 20g (one cap-full) of laundry powder and laundry liquid of the brand 
Biozet Attack. These list sodium carbonate (an alkalinity agent), sodium aluminosilicate (a 
water softener), alcohol alkoxylate surfate salt (a surfactant), and butyl carbitol (a solvent) as 
their active ingredients. The additives increased the pH of the tap water from an average of 
7.7 to 10.4 for laundry powder and 10.1 for laundry liquid, thereby making the water more 
alkaline. 
Boiling and prolonged simmering 
The methods for the boiling and simmering experiments were ultimately the same. The water, 
totalling 5L for each experiment, and additives, 20g of laundry powder and 19mL (20g) of 
laundry liquid, were allowed to reach the designated temperature—100°C for boiling and 
~85°C for simmering—before the specimens were thoroughly immersed inside the pots. The 
fragments were kept in the geological sample bags to aid in quick recovery and to negate 
confusion should the identification markings rub off the bone due to the heat and agitated 
water. The bags do not affect the bones or the outcome as water and additives are able to 
adequately permeate the material and surround the bone fragments. Boiling lasted a 
maximum duration of 6 hours, taking one bagged cut mark experiment – labelled 1-9 – out at 
each interval: 15 minutes, 30 minutes, 60 minutes, 90 minutes, 120 minutes, 180 minutes, 
240 minutes, 300 minutes, and 360 minutes (Table 4.4). Each experiment was then left on a 
lined tray in open air until dry for 24 hours before post-experiment analysis could begin. 
 
Table 4.4 Number of cut marks per experiment - Method of preparation 
Time 
Cleaning Process 
Tap Water 
Boiling 
Prolonged 
Simmering 
Laundry 
Liquid Boiling 
Laundry 
Powder Boiling 
Maceration 
Cold 
24°C 
Warm 
35°C 
Hot 
70°C 
15 minutes 30 30 30 30    
30 minutes 35 30 30 31    
60 minutes 30 30 30 30    
90 minutes 30 30 30 30    
120 minutes 30 30 30 30    
180 minutes 30 30 35 30    
240 minutes 30 30 30 31    
300 minutes 30 30 30 30    
360 minutes 31 30 30 30    
48 hours     40 35 40 
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Maceration  
Maceration follows examples set out in Dewbury and Russell (2007): 48 hours at a constant 
temperature (varying no more than ± 2°C), with 24°C for cold water, 35°C for warm water, 
and 70°C for hot water (Table 4.4). Due to the defleshed nature of the bones, the experiment 
did not last longer than 48 hours after submersion as that is the initial time period for which 
Dewbury and Russell (2007) state that the bones should macerate before decanting and 
changing the water if longer maceration is required. It is suggested that any macerated 
materials be decanted and the water changed every additional 24 hours after the initial two 
days and that, should further maceration be required, it should not exceed more than five days 
in total (Dewbury and Russell 2007; Hill 1975; Ossian 1970; Reitz and Wing 2010; Sommer 
and Anderson 1974) 
4.4 MECHANICAL EXPERIMENTS 
With the aim of standardising experimental bone surface modification production and 
strengthening identification confidence, a mechanical arm was designed and built to provide 
objective control over foundational variables of mark production. Mechanical experiments 
have been previously employed to consistently control the many known variables involved in 
past hominin behaviours; for example, Dibble and Rezek (2009) used a pneumatically-driven 
flaking apparatus to control flake production and formation. Additionally, calibrated 
crossbows have been used by researchers to investigate fracture patterns and efficacy of stone 
projectiles (Schoville and Brown 2010; Shea et al. 2001), as well as the resultant bone surface 
modifications, i.e. projectile impact marks (O’Driscoll and Thompson 2014). These tools 
provide standardisation by creating instances of repeatable tests with high-quality, highly 
accurate results that account for, and control, the angle, the force—as a product of mass and 
acceleration (F=ma), and the velocity—as a by-product of acceleration. By supplanting the 
“uncontrollable” human element with a mechanical arm, the previously uncontrollable 
variables—velocity and angle of the strike, and the force applied during impact—can be held 
constant and altered independently. Breaking down a single strike makes it easier to delineate 
between key or individual characteristics that can differentiate between bone surface 
modifications. 
4.4.1 BONES 
The Behavioural or Natural Experimentation Simulator (a.k.a. BONES; Figure 4.1) was 
specifically designed to create and replicate cutting and percussion marks. BONES is a 1.3m 
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by 0.5m metal frame with a swinging arm of 1.1m long (at the hinge) with notches for 
adjusting arm length (A) and, thereby, the overall velocity and initial weight of the impact 
head. The impact head (B) is adjustable along the arm with specific lock points that alter the 
mass of the head from 8.03kg at position 5 (closest to the pivot point (C)) to 10.55kg at 
position 1 (furthest from the pivot point). The head impacts onto a heavy duty clamp and 
stage (D) that is adjustable for specimen size and angle. The stage is interchangeable to 
accommodate any and all skeletal elements and other experimental subjects.  
 
Figure 4.1 BONES; A) indicates four of the five lock points for the impact head along the swinging arm (position 1 at the far 
left of the picture), B) shows the impact head where the tool is affixed, as well as the position of the load cell, C) shows the 
position of the accelerometer, which also records the arm angle, and D) is the adjustable heavy-duty clamp with the bone 
stage.  
BONES allows for control of velocity, force, and angle. The inertial mass of an object 
determines its acceleration in the presence of an applied force. Velocity describes both the 
speed and direction of an object’s motion. Acceleration is the rate of change in velocity over 
time and describes both the rate of change in magnitude and direction of velocity. Force is 
any influence that causes an object to undergo a change in velocity, or a change in shape. The 
minimum velocity is set at 0m/s because both arms will always begin at rest. The maximum 
velocity is set at 10m/s, which is the speed of a sprinter or a hammer dropped from 5 metres. 
The minimum acceleration is 9.8m/s² as this is the acceleration due to gravity. Any object 
will accelerate at the same rate (in the absence of friction) due to gravity. This is the force 
exerted on all parts of an object during free fall. Force is influenced by the mass of the object 
and the impact head has a known known mass of 8.03-10.55kg depending on where the head 
is located along the arm (Figure 4.1).  
1.5m 
0.5m 
A 
D 
B 
C 
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Additional weight may be added and secured behind the impact head up to a maximum of 
20kg. The maximum acceleration is 250 m/s² (Table 4.6). This was the result of finding the 
time (t) it took for the impact head to travel a known distance (d). 4 = 56 	 ∴ 6 = 54, where 
d=0.4m – the length of the percussive arm at position 1 – and v=10m/s – our maximum 
velocity. 9 = :.<=: = 0.04. Then, we find the acceleration (a) from the equation, 4@ = 4A + C6	 ∴ C = 4@14A6 , where DE = 10m/s, D( = 0m/s (at rest), and 9 = 0.04s. . = =:1::.:< = 250m/s². 
The minimum force is 19.6 Newtons (N) from I = JC = K ∗ M. N = OM. PQ – using the 
minimums for mass and acceleration previously given. The maximum force is 5000N, which 
is derived from the same equation using the given maximums for mass and acceleration. 
Research on spear use in Neanderthals and Early Modern Humans indicates that thrusting 
spears produce anywhere from 492-3430N of force (Schmitt et al. 2003). Additionally, 
research on multi-joint arm movement, specifically using the shoulder-elbow mechanism to 
increase throwing speed, produced mean “fast” ball speeds of 44.6 ± 4.0 km/h (12.389 m/s; 
roughly 620N) when seated (Debicki et al. 2010); whereas experiments on unconstrained 
overarm throws by professional baseball players exhibit fast throwing speeds of 28.1 ± 1.76 
m/s (roughly 1405N) (Hirashima et al. 2007; Roach et al. 2013). Given that the mass of the 
impact head and arm of BONES at Position 1 (maximum weight) is 10.255kg, the minimum 
force generated at this position is 100.5N; whereas at the minimum weight on Position 5 
(8.03kg), the minimum force generated is 78.69N. Both of these forces are well under known 
forces for throwing and thrusting actions (Debicki et al. 2010; Hirashima et al. 2007; Roach 
et al. 2013; Schmitt et al. 2003), indicating that the use of BONES (at heavier weights) 
should produce marks consistent with percussion marks produced by humans.  
Table 4.5 Functional parameters for BONES 
 Weight  Mass Velocity Acceleration Force 
Min 0.25kg 2kg 0m/s  9.8m/s²  19.6N 
Max  4kg 20kg 10m/s 250m/s² 5000N 
The bone platform has the ability to be moved 360° at intervals of 5-10° on the horizontal x-
axis to accommodate perpendicular, oblique, and parallel strikes, plus up to 180° (±15°) on 
the vertical y-axis at intervals of 5° in order to simulate the different angles at which tool 
impacts the bone. Moving the tool about its x-axis is not feasible as we would not be able to 
ensure that the bone is impacted with the full force of each blow (from 19.6 – 5000N; Figure 
4.2). To make the rig more human-like, the cutting arm would require the addition of a 
mechanical wrist joint, which would have been prohibitively expensive and introduced more 
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variables that would have been harder to control for; for example, wrist flexion and the 
degree to which a wrist rolls under load (Debicki et al. 2010; Dibble and Rezek 2009; Rezek 
et al. 2011). However, by holding the tool steady and moving the bone to different horizontal 
and vertical angles it was ensured that the bone experienced the full force behind the tool at 
any angle (Figure 4.3). Prior studies have used the inverse, where the bone is secured to the 
dynamic force (load) cell, which recorded the force exerted on the bone, rather than the force 
imparted by the butcher (Potter 2005). The bones were secured using multiple cable ties tied 
through strategically placed holes in the metal stage, which was held in place by the 
industrial-grade vice that makes up the base of the apparatus (Figure 4.1-B). The cable ties 
were set up so that they secured around the epiphyseal ends and did not impact on the mid 
shaft where the bulk of the strikes were targeted. Cables ties were used to avoid additional or 
excessive damage to the bones when struck. This was done to aid in the grip of the bone on 
the metal platform and to mitigate any slippage of the bone as the arm strikes down in order 
to get the most contact possible. The use of cable ties, though necessary for researcher health 
and safety, does not imply that bones were tied down or secured in place during butchery in 
the past.  
The variables under control were arm length, which also controlled initial mass; angle strike, 
which was controlled via the angle the bone was set; and, drop height, which was controlled 
via the accelerometer and gave the angle of the arm in relation to the bone. The arm length 
was controlled by moving the impact head along the arm to different positions of known 
lengths (Figure 4.1). As the arm increases or decreases in length, the total initial mass of the 
arm increases or decreases proportionately. This also results in the maximum velocity also 
increasing and decreasing in proportion to the mass and arm length. Additionally, Drop 
Height was calculated as the chord length, rather than the arc length, as the chord is the 
distance from the percussive head at its apex to the bone surface (Figure 4.4). Due to 
occupational health and safety guidelines, the arm is required to extend to a slightly obtuse 
angle, roughly 105° according to the accelerometer readout, and secured while changing 
experimental bones and tools. This is to ensure that the arm does not accidentally drop while 
setting up the bone position on the stage and vice versa. 
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Figure 4.2 Line drawing depicting where the force will be concentrated at 90° (left) and with the tool (triangle) adjusted 
along its x-axis (right). Force applied is in purple, the force of gravity in red, and the triangle and box represent the tool and 
impact head. 
 
 
Figure 4.3 Line drawing depicting where the force will be concentrated at 90° (left) and with the bone and platform adjusted 
on its x-axis (right). Force applied is in purple, the force of gravity in red, and the triangle and box represent the tool and 
impact head. The impact head is simulated with a sharp edge in the figure to illustrate the impact zone on the bone, in reality 
the hammerstone used was a smooth, rounded cobble affixed to an interchangeable plate, which was attached to the arm 
(Figure 4.1-B).  
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Figure 4.4 Chord length (blue) and arc length (orange). Chord length was used to show the distance between the percussive 
head and the bone when the percussive head was set to its drop angle (70°, 45°, or 20°). The arc length represents the total 
distance travelled by the percussive head upon impact. The θ represents the arm angle of the drop. 
4.4.2 Methods 
For the mechanically modified experiments the bone count restarted at 1 with a demarcation 
of ‘MB’ (Mechanical Bone) to differentiate between the two sets of experiments (Table 4.6). 
For MB1 to MB9 the arm length was locked into position 1 (the longest arm length). MB1 to 
MB3 were positioned on the stage at 90° (or perpendicular to the strike), was held constant 
with no additional weight, and dropped from a 70°, 45°, and 20° angle (respectively, three-
quarter, half, and quarter drop height). Dropping from full height was determined to be 
inappropriate as it tended to obliterate and splinter test bones as the force at impact was well 
over 5000N and also increased the force and duration of successive secondary impacts. All 
variables for experiments MB4 to MB6 followed those of MB1 to MB3 with the exception of 
the stage angle which was changed to a 67.5° incline. The experiments proceeded through the 
different drop heights. MB7 to MB9 followed the previous methodology, changing only the 
stage angle from 67.5° to a 45° incline. This methodology was repeated for experimental sub-
sets MB10 to MB18 in arm position 3 and MB19 to MB27 in arm position 5. The change in 
arm position also changed the weight and maximum velocity of the impact head (Table 4.6).  
 
Figure 4.5 Illustration of the three mark angles used in the mechanically and manually controlled cut mark experiments: a 
90° ± 10° cutting mark; a 45°/135° ± 10° slicing mark; and, a 15°/165° ± 10° scraping mark. 
 
 A 
 
            
          
         B θ 
90° 
45°	 	135° 
15°	 165° 
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The mechanical cutting methods initially required some creative thinking to perform. A lack 
of adequate funds meant that BONES could not be built to the exact specifications to perform 
the two very different actions of percussion and cutting. For the cutting experiments the end 
of the arm was supported by a metal frame and the implement head was unchained from its 
locked position in order for it to be pulled along the arm. The height of the supporting frame 
allowed for adequate contact of the cutting implement and the bone surface to gauge force 
and a poster with 10cm black and white demarcations was used in concert with the GoPro 
Hero3+ video camera at 720fps. This allowed calculation of the velocity of the strike, which 
allowed for the acceleration and the force of the strike to be calculated (Table 4.6). Three 
bone angles were used: 1) perpendicular to the arm at a 90° angle (flat producing a cutting 
mark); 2) perpendicular to the arm at a 45° angle (slicing mark); and, 3) parallel to the arm at 
a 90° angle (scraping mark; Figure 4.5). Three different pulling lengths--i.e. the length of arm 
the implement head was allowed to slide on before contact with the bone was made—to 
observe if momentum and increased velocity would influence mark morphology. The arm 
lengths used were three-quarters, one-half, and one-quarter of the available 90cm metal arm, 
or from position 1 to 5, position 1 to 4, and position 1 to 3, respectively. Unlike the controlled 
butchery experiments, the lamb bones used for this experiment were cleaned via dermestid 
colony before being inflicted with experimental modifications. Cleaning the bone surfaces 
before experimentation allowed the bones to be secured to the stage, which meant that the 
bone did slip during impact. The bones were left with the colony for a maximum of two 
weeks (minimum cleaning time was four days) and were checked for potential marks left by 
the beetles; although, even at two weeks, this would not have been enough time for the 
dermestids to begin consuming bone (Parkinson 2012). Given that the cutting head weighed 
the same across the cutting experiments, the force imparted during incision was dependent on 
the velocity of the cut.  
4.5. CONTROLLED AND NATURALISTIC EXPERIMENTS  
At the core of experimental archaeology is the uniformitarian assumption that processes in 
the past are the same as processes in the present or that actions in the past can be mimicked in 
the present with analogous actors and effectors (Lyman 2001). However, many replicated 
practices—like early butchery practices—have inherent limitations in understanding that 
makes perfect duplication an onerous objective. Many of the conditions that we assume are 
analogous are details that we cannot know definitively. These components include 1) the 
conditions of bone specimens at time of contact—the amount of meat available, the cortical 
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thickness of the shaft before taphonomic processes, the position the bone was in (was it 
passively percussed or braced?); 2) the conditions of tool used—edge thickness and angle, 
position of the tool (i.e. how it was used), which edge was used; and, 3) the conditions of the 
butcher—their arm musculature and skeletal structure, the amount of force imparted, the 
velocity of the strike, the functionality of the muscle chain (shoulder-elbow-wrist). Instead, 
researchers make best educated estimations as to these conditions based on experimentation 
and comparisons with ethnographic and archaeological assemblages; however, to date, 
experiments have not accurately covered all of the components necessary in BSM production 
in a single experiment. That is, no one experiment has, or can capture the full array of 
variation of BSM production and morphology in the past. This is in large part due to the 
intrinsic nature of the variables outlined in Table 4.1; in addition to the fact that human 
volunteers are unintentionally biased and somewhat unreliable in true replicative processes. 
The manually inflicted bone surface modification experiments were designed specifically to 
progress from completely uncontrolled to as controllable as possible. The experiments 
utilised six volunteers administering either cutting or percussive impact actions to one of 
sixteen lamb (Ovis aries) femora each. Each lamb leg bone was subjected to either freewill or 
controlled cutting and percussive actions. Each experiment was filmed using a GoPro Hero3+ 
camera and analysed using the GoPro studio software (freeware from www.gopro.com). The 
defleshing and controlled-angle cutting bones then were prepared for cleaning via a dermestid 
beetle colony by drilling a hole—small enough for an adult dermestid beetle to enter and exit 
through—into the proximal and distal ends of the bone (see below). 
4.5.1. Methods 
Volunteers 
Six undergraduate students volunteered to perform this set of 16 experiments. Each of the 
volunteers had differing experience with experimental zooarchaeology and varied knowledge 
bases as they were at different stages of their undergraduate careers. The controlled 
experiments did not favour knowledge or experience as they were all given the same 
instructions, which allowed the same freedoms and limitations for each volunteer butcher. 
However, the naturalistic butchery experiments should produce fewer marks as knowledge 
and experience are increased (Cruze-Uribe and Klein 1994; Guilday et al. 1962; Lyman 
1987).  
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Table 4.6 Breakdown of mechanical experiments 
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# 
Arm 
Position 
Bone 
Angle (°) 
Mass 
(kg) 
Drop 
Height 
(m) 
Angle of 
Drop (°) 
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Bone 
# 
Bone 
Position 
Bone 
Angle (°) 
Mass 
(kg) 
Pull 
Length 
Pull 
Length 
(m) 
Pull 
Velocity 
(m/s) 
Acceleration 
(m/s/s) 
1 1 90 10.255 1.147 70 28 Perpendicular 90 10.255 1 0.480 7 102.08 
2 1 90 10.255 0.765 45 29 Perpendicular 90 10.255 1 0.480 8 150.52 
3 1 90 10.255 0.347 20 30 Perpendicular 90 10.255 1 0.480 7 102.08 
4 1 67.5 10.255 1.147 70 31 Perpendicular 90 10.255 2 0.360 8 177.78 
5 1 67.5 10.255 0.765 45 32 Perpendicular 90 10.255 2 0.360 8 177.78 
6 1 67.5 10.255 0.347 20 33 Perpendicular 90 10.255 2 0.360 6 100.00 
7 1 45 10.255 1.147 70 34 Perpendicular 90 10.255 3 0.240 10 416.67 
8 1 45 10.255 0.765 45 35 Perpendicular 90 10.255 3 0.240 10 416.67 
9 1 45 10.255 0.347 20 36 Perpendicular 90 10.255 3 0.240 8 234.38 
10 3 90 8.805 0.860 70 37 Perpendicular 45 10.255 1 0.480 7 102.08 
11 3 90 8.805 0.574 45 38 Perpendicular 45 10.255 1 0.480 7 102.08 
12 3 90 8.805 0.261 20 39 Perpendicular 45 10.255 1 0.480 8 150.52 
13 3 67.5 8.805 0.860 70 40 Perpendicular 45 10.255 2 0.360 8 177.78 
14 3 67.5 8.805 0.574 45 41 Perpendicular 45 10.255 2 0.360 8 177.78 
15 3 67.5 8.805 0.261 20 42 Perpendicular 45 10.255 2 0.360 9 234.38 
16 3 45 8.805 0.860 70 43 Perpendicular 45 10.255 3 0.240 9 337.50 
17 3 45 8.805 0.574 45 44 Perpendicular 45 10.255 3 0.240 8 234.38 
18 3 45 8.805 0.261 20 45 Perpendicular 45 10.255 3 0.240 9 337.50 
19 5 90 8.03 0.574 70 46 Parallel 90 10.255 1 0.480 6 75.00 
20 5 90 8.03 0.383 45 47 Parallel 90 10.255 1 0.480 7 102.08 
21 5 90 8.03 0.174 20 48 Parallel 90 10.255 1 0.480 7 102.08 
22 5 67.5 8.03 0.574 70 49 Parallel 90 10.255 2 0.360 6.5 117.36 
23 5 67.5 8.03 0.383 45 50 Parallel 90 10.255 2 0.360 6.5 117.36 
24 5 67.5 8.03 0.174 20 51 Parallel 90 10.255 2 0.360 8 177.78 
25 5 45 8.03 0.574 70 52 Parallel 90 10.255 3 0.240 8 234.38 
26 5 45 8.03 0.383 45 53 Parallel 90 10.255 3 0.240 8 234.38 
27 5 45 8.03 0.174 20 54 Parallel 90 10.255 3 0.240 8 277.78 
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Naturalistic Butchery 
In total, sixteen bones were used by each of the six volunteer butchers (Table 4.7). For each 
of the six volunteer butchers there were four naturalistic experiments: two defleshing and two 
marrow extraction. A combination of defleshing and marrow extraction tests were the first 
and last experiments carried out as I wanted to identify if there was a distinct change in 
butchery style, decision-making, and the marks that they left. They were asked to choose 
their own tools (from a selection of igneous and sedimentary rock; Table 4.8) and bones; to 
ensure that I had no influence over their decisions I stepped away from them until they were 
ready to begin. The lamb bones retained some meat, though this was usually concentrated 
towards the distal end and included the patella and a portion of the tibial shaft. Given the 
degree of defleshing prior to the experiments, these decision-making of the butchers and 
resultant BSMs produced in the naturalistic experiments are likely more applicable to 
scavenged carcasses than to butchering of fresh carcasses.  
Table 4.7 Manual experimental parameters 
Bone # Surface Activity Instruction given Control 
1 whole Freewill defleshing Deflesh bone Freewill 2 whole 
3 anterior Freewill percussion Medullary cavity accessible Freewill 4 anterior 
5 anterior 
Controlled cutting 
Cut at 90° x ≥15 From proximal head 
5 posterior Slice at 45° x ≥15 From proximal head 
6 anterior Slice at 135° x ≥15 From proximal head 
6 posterior Scrape at 165° x ≥15 From proximal head 
7 anterior Scrape at 15° x ≥15 From proximal head 
7 posterior Cut at 90° x ≥15 From proximal head 
8 posterior 
Controlled percussion 
Parallel Shoulder + elbow 
9 anterior Proximal Shoulder + elbow 
10 anterior Distal Shoulder + elbow 
11 posterior Parallel Shoulder only 
12 anterior Proximal Shoulder only 
13 anterior Distal Shoulder only 
14 posterior Parallel Elbow only 
15 posterior Proximal Elbow only 
16 anterior Distal Elbow only 
Bones 1 and 2 were used in the freewill defleshing experiments. Freewill defleshing involves 
the actor/ volunteer maintaining full control over their own actions. As the investigator, I 
gave no indication or instruction other than that they needed to get as much of the remaining 
flesh off of the partially defleshed lamb femur as possible with the chosen tool. Contrary to 
the numbering system, bones 1 and 2 were not butchered sequentially; bone 1 was the very 
first experiment performed, while bone 2 was defleshed at the end of the experiment, after the 
controlled angle cutting experiments were conducted. Bones 3 and 4 were used to gather 
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marks from freewill marrow processing, which is the action by which the nutrient rich, greasy 
marrow is accessed and extracted from the bone (Blumenschine et al. 1996). It is ideal that 
the bone is broken in such a way that there is minimal bone flakes or shards imprinted into 
the marrow and that the marrow itself is as intact as possible. As with bones 1 and 2, no 
instructions were given to the volunteers other than to stop once the actors felt they had 
sufficiently breached the medullary cavity and could easily extract the bone marrow. 
Controlled Human Butchery – Cutting  
Bones 5, 6, and 7 were utilised for the controlled angle cutting experiments. The volunteers 
were instructed to apply a single movement cutting mark at the same angle a minimum of 
fifteen (15) times along either the anterior or posterior surface of the lamb femur starting at 
the proximal end and working down to the distal end (Figure 4.6; Figure 4.7). The angles 
under control were working from the proximal end, where the proximal head was 0° and the 
distal end was 180°, with the stone flake held perpendicular to the long axis of the bone. 
Thereby, if the stone flake was upright and perpendicular to the bone, then the angle was 90° 
(Figure 4.5). The angles the actors were instructed to use are summarised in Table 4.7 and 
Figure 4.5. For the scraping angles, 15° runs inferiorly from the proximal head to the distal 
epiphysis and 165° runs superiorly from the distal end, providing data for pushing and pulling 
strokes, respectively (Figure 4.5). The volunteers were given pre-made templates of each 
angle as a guide to ensure their strokes were following the correct angle. There is a question 
of whether intentionally incised bone modifications are valid and comparable to 
modifications produced during actual butchery as it is likely that hominins did not 
purposefully hit the bone during butchery (Egeland 2003; Gifford-Gonzalez 1989a; Lyman 
1995, 2005). Purposeful incision of the bone provides a better indication of the differences in 
diagnostic features of cut marks, particularly when compared to marks created during 
activities which avoid purposeful contact between the stone tool and bone, for example 
skinning (Merritt 2011; Olsen and Shipman 1988). 
 
Figure 4.6 Line drawing showing direction of controlled bone modifications on the cranial side starting at the proximal end 
working distally. Adapted from Hillson (2005, fig. 41).  
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Table 4.8 Tool variables for each butcher and how they were used per activity 
Bone 
# Activity Tool type 
Tool 
Weight (g) 
Tool 
Morphology 
Bone 
# Activity Tool type 
Tool 
Weight (g) 
Tool 
Morphology 
Bone 
# Activity Tool type 
Tool 
Weight (g) 
Tool 
Morphology 
Butcher# 1 Butcher# 2 Butcher# 3 
1 Freewill 
defleshing 
Chert 41.0   1 Freewill 
defleshing 
Chert 66.0   1 Freewill 
defleshing 
Dacite 145.0   
2 Obsidian 14.0   2 Obsidian 13.0   2 Silcrete 45.5   
3 Freewill 
percussion 
Hammerstone 3 367.0 Smooth  3 Freewill 
percussion 
Hammerstone 2 308.0 Smooth  3 Freewill 
percussion 
Hammerstone 5 639.0 Smooth  
4 Hammerstone 2 308.0 Smooth  4 Hammerstone 3 367.0 Smooth  4 Hammerstone 2 308.0 Smooth  
5 
Controlled 
cutting 
Dacite 26.0   5 
Controlled 
cutting 
Minnesotan Chert 19.5   5 
Controlled 
cutting 
Flint 12.0   
5 Dacite 26.0   5 Minnesotan Chert 19.5   5 Flint 12.0   
6 Dacite 26.0   6 Minnesotan Chert 19.5   6 Flint 12.0   
6 Dacite 26.0   6 Minnesotan Chert 19.5   6 Flint 12.0   
7 Dacite 26.0   7 Minnesotan Chert 19.5   7 Flint 12.0   
7 Dacite 26.0   7 Minnesotan Chert 19.5   7 Flint 12.0   
8 
Controlled 
percussion 
Hammerstone 3 367.0 Smooth  8 
Controlled 
percussion 
Hammerstone 2 308.0 Smooth  8 
Controlled 
percussion 
Hammerstone 5 639.0 Smooth  
9 Hammerstone 3 367.0 Smooth  9 Hammerstone 2 308.0 Smooth  9 Hammerstone 5 639.0 Smooth  
10 Hammerstone 3 367.0 Smooth  10 Hammerstone 2 308.0 Smooth  10 Hammerstone 5 639.0 Smooth  
11 Hammerstone 3 367.0 Smooth  11 Hammerstone 2 308.0 Smooth  11 Hammerstone 5 639.0 Smooth  
12 Hammerstone 3 367.0 Smooth  12 Hammerstone 2 308.0 Smooth  12 Hammerstone 5 639.0 Smooth  
13 Hammerstone 3 367.0 Smooth  13 Hammerstone 2 308.0 Smooth  13 Hammerstone 5 639.0 Smooth  
14 Hammerstone 3 367.0 Smooth  14 Hammerstone 2 308.0 Smooth  14 Hammerstone 5 639.0 Smooth  
15 Hammerstone 3 367.0 Smooth  15 Hammerstone 2 308.0 Smooth  15 Hammerstone 5 639.0 Smooth  
16 Hammerstone 3 367.0 Smooth  16 Hammerstone 2 308.0 Smooth  16 Hammerstone 5 639.0 Smooth  
Butcher# 4 Butcher# 5 Butcher# 6 
1 Freewill 
defleshing 
Chert 25.0   1 Freewill 
defleshing 
Quartzite 60.0   1 Freewill 
defleshing 
Silcrete 53.5   
2 Dacite 24.0   2 Obsidian 35.5   2 Flint 2.5   
3 Freewill 
percussion 
Hammerstone 6 497.5 Smooth  3 Freewill 
percussion 
Hammerstone 7 538.5 Smooth  3 Freewill 
percussion 
Hammerstone 8 548.0 Smooth  
4 Hammerstone 3 367.0 Smooth  4 Hammerstone 4 352.5 Smooth  4 Hammerstone 2 308.0 Smooth  
5 
Controlled 
cutting 
Flint 10.0   5 
Controlled 
cutting 
Obsidian 11.5   5 
Controlled 
cutting 
Flint 5.5   
5 Flint 10.0   5 Obsidian 11.5   5 Flint 5.5   
6 Flint 10.0   6 Obsidian 11.5   6 Flint 5.5   
6 Flint 10.0   6 Obsidian 11.5   6 Flint 5.5   
7 Flint 10.0   7 Obsidian 11.5   7 Flint 5.5   
7 Flint 10.0   7 Obsidian 11.5   7 Flint 5.5   
8 
Controlled 
percussion 
Hammerstone 6 497.5 Smooth  8 
Controlled 
percussion 
Hammerstone 7 538.5 Smooth  8 
Controlled 
percussion 
Hammerstone 8 548.0 Smooth  
9 Hammerstone 6 497.5 Smooth  9 Hammerstone 7 538.5 Smooth  9 Hammerstone 8 548.0 Smooth  
10 Hammerstone 6 497.5 Smooth  10 Hammerstone 7 538.5 Smooth  10 Hammerstone 8 548.0 Smooth  
11 Hammerstone 6 497.5 Smooth  11 Hammerstone 7 538.5 Smooth  11 Hammerstone 8 548.0 Smooth  
12 Hammerstone 6 497.5 Smooth  12 Hammerstone 7 538.5 Smooth  12 Hammerstone 8 548.0 Smooth  
13 Hammerstone 6 497.5 Smooth  13 Hammerstone 7 538.5 Smooth  13 Hammerstone 8 548.0 Smooth  
14 Hammerstone 6 497.5 Smooth  14 Hammerstone 7 538.5 Smooth  14 Hammerstone 8 548.0 Smooth  
15 Hammerstone 6 497.5 Smooth  15 Hammerstone 7 538.5 Smooth  15 Hammerstone 8 548.0 Smooth  
16 Hammerstone 6 497.5 Smooth  16 Hammerstone 7 538.5 Smooth  16 Hammerstone 8 548.0 Smooth  
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Figure 4.7 Line drawing depicting the applied force (purple arrow) and directionality (red arrow) of 90° and 45° 
modifications created by the volunteers dragging the tool across the bone; i.e. perpendicular to the long axis. Adapted from 
Hillson (2005, fig. 43). 
Controlled Human Butchery – Percussion  
In order to control the velocity and force imparted onto the bones during hammerstone 
percussion the volunteers were given a set of strict instructions. For the percussion 
experiments the volunteers were asked to percuss the femora until they broke through to the 
medullary cavity—keeping track of their percussions—and extract the marrow 
(Blumenschine et al. 1996). These experiments employed varying shoulder and elbow 
actions—a natural shoulder and elbow chain strike, a restricted shoulder-only strike where 
the elbow was not allowed to flex or extend in tandem with the shoulder, and a restricted 
elbow-only strike where the shoulder was immobilised—to reach the bone marrow. The 
elbow was restricted by tying the forearm and shoulder with a heavy weight crepe first-aid 
bandage that did not allow the forearm to extend more than 90° from the upper arm, whereas 
the shoulder was restricted by wrapping the same bandage around the upper arm and torso, 
allowing the elbow to fully extend. The restriction of one of the hinge joints (shoulder and 
elbow) alters the speed and impact force of the strikes, thereby, enabling some control over 
the velocity of the butchers’ percussion strikes, a variable that is difficult to feasibly control 
for with human butchers. For each of the elbow configurations, the bone was either held 
parallel to the ground or the proximal end or distal end was raised to create a roughly 45° 
angle onto which the hammerstone was struck (Table 4.7). This allowed for differing tensions 
based on patterns of impact diffusion through long bones.  
The volunteers were asked to change one variable per experiment—either the angle of the 
bone or the mechanics of arm movement—that would impact on a) the force and velocity of 
the strike, and b) the resultant marks. In biomechanics, it is understood that interaction 
torques occur due to rotation of adjacent joints and influence arm movements, ultimately 
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influencing arm speed (velocity) and strength (impact force) (Bartlett 1997; Debicki et al. 
2010). While the following are observations based on throwing and not percussion (the basis 
of this element of the experiment), there are similarities in the form of the throws that can be 
seen in percussion strikes. It is for this reason that the following biomechanical explanations 
are used. For general overarm throwing, the interaction torque chain includes “…pelvic and 
trunk rotation to the right, horizontal extension and lateral rotation at the shoulder, elbow 
flexion and wrist hyperextension” (Bartlett 1997: 34; Debicki et al. 2010). This natural style 
of arm movement was used for bones 8-10 as a baseline. The restricted shoulder-only (elbow 
flexion-extension restrained) actions of the arm for experimental bones 11-13 emulated the 
style of elbow restriction during delivery of a cricket ball by a bowler; thus, the action at the 
shoulder is predominantly circumduction, which is a combination of shoulder flexion, 
extension, abduction and adduction and enables a reduction in the velocity of percussion 
strikes as the elbow does not provide a secondary whip (Bartlett 1997). For bones 14-16 only 
elbow muscle torque was used to break open the femora. This action is akin to dart throwing, 
where the action inhibits much of the movement of the shoulder and focusses mainly on the 
extension of the elbow and forearm for speed, strength, and accuracy, though some shoulder 
flexion-abduction is allowable (Bartlett 1997; Debicki et al. 2010). Ultimately, these three 
styles of arm movements allowed for some control over the force and velocity of each strike, 
from strong/fast (natural style) to weak/slow (dart throwing style). 
4.6. DATA COLLECTION 
4.6.1. Microscopy and measurements 
The bone surface modifications from both the all experimental BSM were analysed using 
NIS-Elements v.10 software package on an Olympus SZX16 stereo microscope. For the 
method of preparation experiments individual, calibrated photographs were taken of the 
marks after they had been inflicted but before they were to be ‘cleaned’ so that initial 
measurements could be recorded. As the bones were fragmented, flat 2D photos were more 
than adequate to capture mark morphology. To allow for direct comparison when measuring 
the cut mark lengths, secondary photographs were taken of the marks at the same 
magnification after having been boiled, simmered, or macerated. The qualitative data were 
observed using both the high-power Olympus stereo microscope with incidental lighting 
provided by a dual fibre-optic goose-neck spotlight for contrast and a hand-held lens with 
LED lighting. The high-resolution photographs also provided a record of the mark 
characteristics before and after treatment.  
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A Nikon SMZ25 stereomicroscope integrated with NIS-Elements Advanced Research 
microscope imaging software was used to capture high-resolution images of the BSMs. The 
SMZ25 is a motorised zoom stereomicroscope with a field of view of 70mm2 and an optical 
zoom of 0.63x – 15.75x. It easily performs z-stacked photos, which allows a mark located on 
curved bone surface to be captured two-dimensionally without the depth of field issues of a 
normal stereo-microscope; this is important for the digital preservation of the bone surface 
modifications. Oblique lighting was used to ensure the modifications were clearly observable, 
as is popular methodology for bone surface modification identification (Blumenschine et al. 
1996). Morphological features and measurements of each BSM were recorded at 
magnifications ranging from 0.63x to 1.5x, with the aim to see as much detail as possible, 
while also capturing the entirety of the modification; this resulted in many of the cut marks 
running diagonally across the micrographs. Measurements were taken using the analysis 
software. True length and area were taken for the cut and percussion marks, respectively. 
True length was defined as the length of the actual line of the cut mark collected from the 
“polyline” tool, which enables the length measurement to follow the trajectory of the 
modification accurately. The “polygon” tool was used to measure the exact area of the 
percussion marks. Lastly, the butchery experiments were filmed for further analysis of the 
techniques utilised by human volunteers during the manual experiments. Analysing bone 
surface modifications created by BONES and the human volunteers can inform on the 
minimum and maximum requirements to break or score bone and identify the differential 
influences of the variables under consideration over the resulting mark morphology. The 
methods presented below examine and evaluate the controlled bone surface modifications 
relative to the modifications from the naturalistic experiments. 
4.6.2. Recorded Variables 
Cut marks 
The photographs aid in observing the presence and identification of microstriations, 
associated striae, and abrasion fields. As well as cut mark lengths, qualitative data (Table 4.9) 
were compiled using the protocols adapted from Domínguez-Rodrigo et al. (2009a). These 
characteristics provide a standardised description of cut mark attributes, some of which have 
been reported to be essential for the separation of one type of mark (e.g. a cut mark) from 
another (e.g. a trample mark), or from a similar mark type produced by different effectors 
(e.g. a simple flaked-stone tool edge versus a retouched edge). Domínguez-Rodrigo et al. 
(2009a: 2646–2647) consider the most diagnostic attributes of marks to be mark trajectory, 
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shape, presence of internal microstriations, trajectory of microstriations, location of 
microstriations, shoulder effect, and flaking on the shoulder (Table 4.9). For the method of 
preparation experiments, an additional “undiagnostic” category was included for the ‘After’ 
cleaning assemblages. This was due to the removal of diagnostic qualitative markers after 
cleaning to the point where the cut mark would have not registered had it not been previously 
identified, marked, and catalogued. Due to the controlled nature of the butchery experiments, 
additional traits, such as mark orientation, presence of overlapping striae, and microabrasion, 
were removed from the analysis. Mark orientation, regardless of preparation method, does 
not move and, considering the methodology detailed previously, there were very few 
opportunities for striae to overlay marks or for microabrasion to occur.  
Table 4.9 A summary of key variables used in this study to discriminate between cut mark types. Adapted from Domínguez-
Rodrigo et al. (2009a). 
Variables used  Traits 
Trajectory of the groove Marks can show a straight, curvy, or sinuous trajectory 
Presence or absence of a barb Present or absent 
Shape of the groove The shapes used are: narrow V-shape, and wide V-shape (\_/) 
Symmetry of the groove The section and both sides of the groove can be symmetrical or 
asymmetrical 
Shoulder effect and associated 
shallower striae 
Present or absent 
Presence of flaking on the 
shoulders of the groove 
Defined as either present (over more or less than one-third of the 
trajectory of one or two shoulders of the groove) or absent 
Presence of internal microstriations Defined as present or absent and observable under 40x magnification 
Microstriation trajectory Defined as continuous when it extends along the trajectory of the 
groove or discontinuous when the microstriations are interrupted at 
more than one instance inside the groove 
Shape of microstriation trajectory Defined as straight or irregular, the latter including any other shape 
(curved, sinuous, or combination of forms) 
Location of microstriations On the walls of the groove, on the bottom, or on both 
Percussion marks 
Qualitative percussion mark data were adapted from Thompson et al. (2015). The protocol 
was adapted to exclude the element edge trait from the mark location attribute, as the bones 
were percussed with the purpose of processing the marrow —i.e. to break the bone in half—
and, therefore, did not occur “at the edge of a complete element portion” (Thompson 2005: 
119). Additionally, the main mark damage type attribute was expanded to allow for more in-
depth analysis and description of the percussion marks by including the option to add a 
secondary and tertiary trait (Table 4.10). For example a pit with crushing and compaction, 
where pit is the primary main mark damage type, crushing is the secondary damage type and 
compaction is the tertiary damage type. Percussion groove was also added to the list of main 
mark damage type traits and is described as having an elongate shape of uniform depth, with 
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a V or U-shaped cross-section; it is similar to a cut mark without horizontal internal 
microstriations and obvious compaction.  
 
Table 4.10 Percussion mark traits used. Adapted from Thompson et al. (2015). 
Attribute Trait Description 
Location of 
microstriations 
relative to main 
mark 
Inside only Microstriations only present within the boundaries of the main mark  
Outside only Microstriations only present outside the boundaries of the main mark (within 
up to 2 mm of any associated damage patch) 
Emanating Microstriations are continuous between inside and outside the boundaries of 
the main mark 
Inside and outside Microstriations present both inside and outside the boundaries of the main 
mark 
Absent No microstriations observed 
Location of main 
mark 
At crack Main mark occurs within 1 mm of a crack in the bone 
Fracture edge Main mark occurs within 1 mm of the edge of a fracture 
In notch Main mark occurs within 1 mm of a notch on a fracture edge 
Isolated Main mark is isolated at least 1 mm away from any fragment portion 
described above 
Main mark 
damage type – 
primary trait 
Pit Shape is round 
Gouge Shape is oval and has one end deeper than the other 
Divot Bone has been displaced in a circle around a point 
Percussion groove Shape is elongate and of uniform depth, with a V or U cross-section (similar to 
a cut mark without horizontal internal microstriations and obvious 
compaction) 
Microstriation 
patch 
Microstriations occur in a patch 
Crushing Bone is crushed and characterised by micro-cracking 
Delamination Bone is peeling away 
Displacement Bone is displaced horizontally with no apparent shape 
Compaction Bone is displaced vertically with no apparent shape 
Main mark 
damage type – 
secondary trait 
Pit Shape is round 
Gouge Shape is oval and has one end deeper than the other 
Divot Bone has been displaced in a circle around a point 
Percussion groove Shape is elongate with a V or U cross-section and of uniform depth 
Microstriation 
patch 
Microstriations occur in a patch 
Crushing Bone is crushed and characterised by micro-cracking 
Delamination Bone is peeling away 
Displacement Bone is displaced horizontally with no apparent shape 
Compaction Bone is displaced vertically with no apparent shape 
Absent No further traits are observed 
Main mark 
damage type – 
tertiary trait 
Pit Shape is round 
Gouge Shape is oval and has one end deeper than the other 
Divot Bone has been displaced in a circle around a point 
Percussion groove Shape is elongate with a V or U cross-section and of uniform depth 
Microstriation 
patch 
Microstriations occur in a patch 
Crushing Bone is crushed and characterised by micro-cracking 
Delamination Bone is peeling away 
Displacement Bone is displaced horizontally with no apparent shape 
Compaction Bone is displaced vertically with no apparent shape 
Absent No further traits are observed 
Bruising Present or Absent Bone has been discoloured with an origin point at the main mark 
 
4.7. ANALYTICAL METHODS 
Method of Preparation Experiments 
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All of the cut-marks were analysed using criteria stemming from Domínguez-Rodrigo et al. 
(2009a: 2646–2647) (see Table 4.9 for a summary). Chi-square tests are performed to deduce 
what effects treatment types had on any variation in the degree of change in the frequencies 
of qualitative cut-mark traits. The chi-square test was used to assess association between a 
nominal variable with two levels—for example, before cleaning and after cleaning—and an 
ordinal variable—in this case, the time intervals. Significant changes in cut-mark length 
between the ‘Before’ and ‘After’ populations were identified using the non-parametric 
Kruskal-Wallis test of variance to identify if there was any correlation between mean 
difference in cut mark length and time spent in preparation across the different experimental 
time intervals. 
Controlled and Naturalistic Butchery Experiments 
Chi-square tests were used to identify the degree of change between qualitative bone surface 
modification characteristic and the 1) actor (i.e. the butchers), 2) angle of incision for the 
controlled human and mechanical arm butchering experiments, 3) the pull length of the 
mechanical arm, and 4) the three butchering activities. Adjusted residuals were also used to 
determine if the observed values of particular traits were significantly over or under-
represented in comparison to the expected values. Table 4.9 and Table 4.10 detail the 
qualitative cut and percussion mark traits used for statistical testing.  
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5. METHOD OF PREPARATION: RESULTS AND ANALYSIS 
If something exists, it exists in some amount. If it exists in some amount, then it is 
capable of being measured. 
      Rene Descartes, Principles of Philosophy, 1644 
This chapter reports results of experiments designed to quantify the effects of different bone 
preparation methods on experimental BSMs. The aim of this chapter is to identify how 
preparation methods of experimental taphonomic assemblages affect butchery mark 
morphology.  
5.1. TAP WATER BOILING 
Boiling in normal tap water is by far the most common form of cleaning experimental 
assemblages (Table 3.1). Changes begin to occur to the bone surface as well as the cut mark 
itself almost immediately, within the first 15 minutes of exposure (Figure 5.1). Bleaching of 
the bone surface and staining on the interior of the mark also begins to occur from the start of 
the boiling process and is evidenced in Figure 5.1 by the colour contrast between the mark 
and bone surface.  
5.1.1. Mark trajectory 
There is a decrease in the appearance of observed straight trajectories from 78.3% (N = 216) 
before cleaning with tap water boiling to only 27.2% (N = 75) after cleaning (Table 5.1). The 
incidence of curvy and sinuous trajectories, however, increases from 20.3% (N = 56) to 
35.8% (N = 99) and from 1.4% (N = 4) to 33.70% (N = 93), respectively. There are also 
incidences where the marks have been either completely removed or obscured to the point 
that there is little to no trace left. These are represented by the ‘not diagnostic’ category, 
which makes up 3.3% (N = 9) of the assemblage after cleaning and are observed after 120 
minutes (N = 3), 180 minutes (N = 1), and 360 minutes (N = 360). Before treatment, 73.3% 
of the cut marks (N = 22) had straight trajectories, but after boiling for 15 minutes that figure 
declines to 20% (N = 6; Table 5.1). Similar decrease in marks with straight trajectories is 
seen across the time intervals from 15 minutes to 360 minutes and coincides with increase in 
the appearance of cut marks with curvy and sinuous trajectories; i.e. trajectories with two or 
more curves (Domínguez-Rodrigo et al. 2009a). The shift from straight to curvy and sinuous 
cut marks is likely due to removal of flaking during the cleaning process, which may have 
obscured curves in the original mark (see Figure 5.1).  
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Figure 5.1 Results of tap water boiling experiment 1-A-2 before and after 15 minutes; 1-G-15 before and after 30 minutes; 1-
C-16 before and after 60 minutes; 1-D-11 before and after 90 minutes; 1-E-9 before and after 120 minutes; 1-H-6 before and 
after 180 minutes; 2-S-2 before and after 240 minutes; 2-A-16 before and after 300 minutes; 2-E-4 before and after 360 
minutes. Scale bar = 1mm. 
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Table 5.1 The frequency of cut-mark traits before and after treatment by tap water boiling. Percentages shown in parentheses.  
 Total (N=276)  15 minutes (N=30) 30 minutes (N=35) 60 minutes (N=30) 90 minutes (N=30) 120 minutes (N=30) 180 minutes (N=30) 240 minutes (N=30) 300 minutes (N=30) 360 minutes (N=31) 
Trait Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After 
Groove trajectory 
Straight 216 75 22 (73.3) 6 (20) 28 (80) 16 (45.7) 28 (93.3) 21 (70) 19 (63.3) 14 (46.7) 23 (76.7) 4 (13.3) 25 (83.3) 4 (13.3) 25 (83.3) 5 (16.7) 21 (70) 2 (6.7) 25 (80.6) 3 (9.7) 
Curvy 56 99 7 (23.3) 12 (40) 7 (20) 13 (37.2) 2 (6.7) 3 (10) 10 (33.3) 12 (40) 6 (20) 3 (10) 5 (16.7) 16 (53.3) 4 (13.3) 17 (56.7) 9 (30) 11 (36.7) 6 (19.4) 12 (38.7) 
Sinuous 4 93 1 (3.3) 12 (40) 0 6 (17.1) 0 6 (20) 1 (3.3) 4 (13.3) 1 (3.3 20 (66.7) 0 9 (30) 1 (3.3) 8(26.6) 0 16 (53.3) 0 12 (38.7) 
Unknown 0 9 0 0 0 0 0 0 0 0 0 3 (10) 0 1 (3.3) 0 0 0 1 (3.3) 0 4 (12.9) 
Barb 
Present 238 29 22 (73.3) 8 (26.7) 23 (65.7) 4 (11.4) 23 (76.7) 6 (20) 23 (76.7) 2 (6.7) 27 (90) 1 (3.3) 29 (96.7) 0 30 (100) 1 (3.3) 30 (100) 7 (23.3) 31 (100) 0 
Absent 38 247 8 (26.7) 22 (73.3) 12 (34.3) 31 (88.6) 7 (23.3) 24 (80) 7 (23.3) 28 (93.3) 3 (10) 29 (96.7) 1 (3.3) 30 (100) 0 29 (96.7) 0 23 (76.7) 0 31 (100) 
Groove shape 
Narrow V 170 51 15 (50) 19 (63.3) 15 (42.9) 7 (20) 17 (56.7) 5 (16.7) 23 (76.7) 4 (13.3) 9 (30) 2 (6.7) 21 (70) 7 (23.3) 22 (73.3) 2 (6.7) 22 (73.3) 3 (10) 26 (83.9) 2 (6.5) 
Wide \_/ 106 224 15 (50) 11 (36.7) 20 (57.1) 28 (80) 13 (43.3) 25 (83.3) 7 (23.3) 26 (86.7) 21 (70) 28 (93.3) 9 (30) 23 (76.7) 8 (26.7) 28 (93.3) 8 (26.7) 27 (90) 5 (16.1) 28 (90.3) 
Unknown  0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 (3.2) 
Symmetry 
Symmetrical 99 58 15 (50) 6 (20) 8 (22.9) 8 (22.9) 13 (43.3) 17 (56.7) 7 (23.3) 1 (3.3) 5 (16.7) 5 (16.7) 8 (26.7) 5 (16.7) 11 (36.7) 5 (16.7) 15 (50) 7 (23.3) 17 (54.8) 4 (12.9) 
Asymmetrical 177 217 15 (50) 24 (80) 27 (77.1) 27 (77.1) 17 (56.7) 13 (43.3) 23 (76.7) 29 (96.7) 25 (83.3) 25 (83.3) 22 (73.3) 25 (83.3) 19 (63.3) 25 (83.3) 15 (50) 23 (76.7) 14 (45.2) 26 (83.9) 
Unknown  0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 (3.2) 
Shoulder effect 
Present 263 65 26 (86.7) 14 (46.7) 33 (94.3) 7 (20) 28 (93.3) 10 (33.3) 30 (100) 12 (40) 30 (100) 1 (3.3) 27 (90) 2 (6.7) 28 (93.3) 1 (3.3) 30 (100) 16 (53.3) 31 (100) 2 (6.5) 
Absent 13 211 4 (13.3) 16 (53.3) 2 (5.7) 28 (80) 2 (6.7) 20 (66.7) 0 18 (60) 0 29 (96.7) 3 (10) 28 (93.3) 2 (6.7) 29 (96.7) 0 14 (46.7) 0 29 (93.5) 
Flaking on shoulder 
Present  275 107 29 (96.7) 22 (73.3) 35 (100) 14 (40) 30 (100) 18 (60) 30 (100) 16 (53.3) 30 (100 8 (26.7) 30 (100) 3 (10) 30 (100) 3 (10) 30 (100) 16 (53.3) 31 (100) 7 (22.6) 
Absent 1 169 1 (3.3) 8 (26.7) 0 21 (60) 0 12 (40) 0 14 (46.7) 0 22 (73.3) 0 27 (90) 0 27 (90) 0 14 (46.7) 0 24 (77.4) 
Internal microstriations 
Present 276 194 30 (100) 12 (40) 35 (100) 14 (40) 30 (100) 29 (96.7) 30 (100) 26 (86.7) 30 (100) 17 (56.7) 30 (100) 21 (70) 30 (100) 25 (83.3) 30 (100) 26 (86.7) 31 (100) 24 (77.4) 
Absent 0 82 0 18 (60) 0 21 (60) 0 1 (3.3) 0 4 (13.3) 0 13 (43.3) 0 9 (30) 0 5 (16.7) 0 4 (13.3) 0 7 (22.6) 
Microstriation trajectory 
Continuous 227 20 26 (86.7) 5 (16.7) 22 (62.9) 4 (11.4) 26 (86.7) 3 (10) 26 (86.7) 4 (13.3) 24 (80) 1 (3.3) 20 (56.7) 0 27 (90) 0 25 (83.3) 3 (10) 31 (100) 0 
Discontinuous 49 174 4 (13.3) 7 (23.3) 13 (37.1) 10 (28.6) 4 (13.3) 26 (86.7) 4 (13.3) 22 (73.3) 6 (20) 16 (53.3) 10 (33.3) 21 (70) 3 (10) 25 (83.3) 5 (16.7) 23 (76.7) 0 24 (77.4) 
Absent 0 82 0 18 (60) 0 21 (60) 0 1 (3.3) 0 4 (13.3) 0 13 (43.3) 0 9 (30) 0 5 (16.7) 0 4 (13.3) 0 7 (22.6) 
Shape of microstriation trajectory 
Straight 189 136 18 (60) 7 (23.3) 22 (62.9) 2 (5.7) 25 (83.3) 5 (16.7) 24 (80) 13 (43.3) 16 (53.3) 15 (50) 17 (56.7) 20 (66.7) 21 (70) 24 (80) 20 (66.7) 26 (86.7) 26 (83.9) 24 (77.4) 
Irregular 87 58 12 (40) 5 (16.7) 13 (37.1) 12 (34.3) 5 (16.7) 24 (80) 6 (20) 13 (43.3) 14 (46.7) 2 (6.7) 13 (43.3) 1 (3.3) 9 (30) 1 (3.3) 10 (33.3) 0 5 (16.1) 0 
Absent 0 82 0 18 (60) 0 21 (60) 0 1 (3.3) 0 4 (13.3) 0 13 (43.3) 0 9 (30) 0 5 (16.7) 0 4 (13.3) 0 7 (22.6) 
Location of microstriations 
Walls 1 17 0 0 1 (2.9) 3 (8.6) 0 3 (10) 0 5 (16.7) 0 2 (6.7) 0 1 (3.3) 0 3 (10) 0 0 0 0 
Bottom 30 44 6 (20) 5 (16.7) 4 (11.4) 4 (11.4) 7 (23.3) 10 (33.3) 2 (6.7) 2 (6.7) 1 (3.3) 4 (13.3) 2 (6.7) 7 (23.3) 0 1 (3.3) 8 (26.7) 8 (26.7) 1 (3.2) 3 (9.7)  
Both 244 133 24 (80) 7 (23.3) 30 (85.7) 7 (20) 23 (76.7) 16 (53.3) 28 (93.3) 19 (66.7) 29 (96.7) 11 (36.7) 28 (93.3) 13 (43.3) 30 (100) 21 (70) 22 (73.3) 18 (60) 30 (96.8) 21 (67.7) 
Absent 0 82 0 18 (60) 0 21 (60) 0 1 (3.3) 0 4 (13.3) 0 13 (43.3) 0 9 (30) 0 5 (16.7) 0 4 (13.3) 0 7 (22.6) 
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5.1.2. Presence of a barb 
The presence of barbs decline after cleaning, with 86.2% of marks (N = 238) presenting with 
a barb before cleaning compared to only 10.5% of marks presenting after cleaning (Table 
5.1). After 15 minutes of boiling the assemblage declined from 73% of cut marks (N = 22) 
presenting barbs to just 20% (N = 6). As the bones are subjected to more cleaning time, the 
likelihood of the barb surviving is roughly one in four (N = 8). Barbs are unlikely to be 
preserved over time (Fisher 1995; Shipman and Rose 1983a), indicating that this extended 
boiling time could potentially mimic long-term taphonomic processes.  
5.1.3. Mark shape 
All tools used were unmodified flakes made from a fine-grained flint, which should give a 
consistent shape given its structure and ability to hold an edge. Before treatment, 61.6% of all 
cut marks (N = 170) were observed as having a narrow V-shaped groove, but after treatment 
that figure dropped to 18.5% (N = 51; Table 5.1). As the bones are subjected to longer 
cleaning times, the likelihood of the marks retaining their original narrow V shape is less than 
one in five (N = 7). This is seen in the reduction of narrow V-shaped marks from 42.8% (N = 
15) to 20.0% (N = 7) at 30 minutes and from 83.9% (N = 26) to 6.5% (N = 2) at 360 minutes 
(Table 5.1). This is likely due to the bone surface being exfoliated away by the agitation of 
the boiling water.  
5.1.4. Mark symmetry 
The results of this study show limited movement between symmetrical and asymmetrical 
cross-sections before and after boiling, with 35.9% (N = 99) of all marks displaying a 
symmetrical cross-section before treatment compared to 21% after treatment (Table 5.1). 
While the frequency of asymmetric cross-sections increased after boiling from 64.1% (N = 
177) to 78.6% (N = 217). The greatest shift in cross-sectional mark symmetry happens after 
360 minutes of tap water boiling, where marks that display an asymmetric section and profile 
increase in frequency from 45.2% (N = 14) to 83.9% (N = 26; Table 5.1). The cause of this is 
difficult to pinpoint; however, it is possible that the constant agitation of the bone fragments 
by the boiling water has degraded the bone surface unevenly to an extent that altered the 
original section and profile of the mark. Similarly, at the 60 minute mark, there is a positive 
shift towards a symmetric cross-section from 43.3% (N = 13) to 56.7% (N = 17). This is 
likely due to the removal of shoulder flaking or other bone flaking that may have obscured 
the internal cross-sectional profile.  
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5.1.5. Shoulder effect 
Shoulder effects are the result of tool, or effector, morphology where the impact edge (cutting 
edge) deviates from perfectly straight. The result is fine, shallow striae that follow or cut 
across the main groove (Fisher 1995; Shipman and Rose 1983a). Before cleaning in boiling 
tap water, 95.3% of cut marks (N = 263) displayed shoulder effects along the main groove; 
after cleaning, the frequency of shoulder effects drops to 23.6% present (N = 65; Table 5.1). 
Even at 15 minutes there is a 40% decline in the presence of shoulder effects from 86.7% (N 
= 26) to 46.7% (N = 14), indicating that tap water cleaning adversely affects associated, 
shallow striations almost immediately after boiling takes place.  
5.1.6. Flaking on the shoulder 
Over the initial hour, shoulder flaking gradually decreases in presence before disappearing 
completely from the cut marks (Table 5.1). Of the assemblage before cleaning, 99.6% of 
marks (N = 275) displayed flaking on some portion of the shoulder of the mark. Compared to 
the after cleaning assemblage, grooves that presented with flaking along more than / longer 
than one-third of the groove fell from 87.7% (N = 242) to 4% (N = 11) after treatment. This 
is reversed for marks that showed flaking on less than / shorter than one-third of the mark 
from 11.9% (N = 33) to 34.8% (N = 96) after treatment, as well as in marks that had no 
observable flaking along the groove from 0.4% (N = 1) to 61.2% (N = 169; Table 5.1).  
5.1.7. Presence of internal microstriations 
The presence of internal microstriations before cleaning was 100% (N = 276) compared to 
the 70.3% (N = 194) presence after tap water boiling (Table 5.1). There is a 60% shift in 
presence of internal microstriations at 15 and 30 minutes after cleaning from 100% (N = 30 
and N = 35, respectively) to 40% (N = 18 and N = 21, respectively; Table 5.1). From 60 
minutes to 360 minutes, the decline in the presence of internal microstriations is less than 
50%. Any change to the presence of internal microstriations could contribute to mark 
misidentification if the experimental bones were subjected to the actions of two or more 
actors. 
5.1.8. Microstriation trajectory 
Domínguez-Rodrigo et al. (2009a) define internal microstriation trajectory as either 
continuous, where the microstriations extend the length of the entire groove, or 
discontinuous, which displays one or more instances of disruption to the internal 
microstriations. The assumption is that cut marks will produce continuous microstriation 
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trajectories due to the constant pressure and friction applied during contact. The results show 
that 82.2% of total marks (N = 227) possess continuous internal trajectories before cleaning; 
however, after cleaning the survivorship of continuous, uninterrupted internal microstriations 
dropped to just 7.2% (N = 20; Table 5.1). The shift from continuous to discontinuous (to 
absent) microstriation trajectories is large, particularly when their presence is argued to help 
differentiate between different actors and effectors (Domínguez-Rodrigo et al. 2009a). The 
change in internal trajectory is inconsistent and may be a result of mark depth, with shallower 
marks not retaining internal characteristics. After 15 minutes there is a decrease of continuous 
trajectories from 86.7% (N = 26) to 16.7% (N = 5), and is correlated with increases in the 
occurrence of discontinuous trajectories from 13.3% (N = 4) to 23.3% (N = 7) and in absent 
trajectories from 0% to 60% (N = 18; Table 5.1). After 360 minutes, there is a decrease in 
continuous internal microstriation trajectories from 100% (N = 31) to 0%, which corresponds 
with an increase in discontinuous trajectories from 0% to 77.4% (N = 24) and in 
diagnostically unidentifiable microstriation trajectories from 0% to 22.6% (N = 7; Table 5.1).  
5.1.9. Microstriation shape 
Domínguez-Rodrigo et al. (2009a) purport that cut marks produce internal microstriations 
that are continuous and straight, with irregular microstriations generated by other non-human 
actors. Before cleaning, 68.5% (N = 189) of all internal microstriations were straight, with 
31.5% (N = 87) of microstriations observed as having an irregular trajectory (Table 5.1). The 
irregular trajectory tends to follow the trajectory of the main groove where 21.7% of all 
marks were observed to be either curvy or sinuous, with some of the straight main grooves 
displaying irregular trajectories as well (Figure 5.1; Table 5.1). After cleaning via tap water 
boiling, both the straight and irregular frequencies drop and 29.7% (N = 82) of 
microstriations are not observable. The incidence of unobserved characteristics (absent) is 
consistent with that of internal microstriation trajectories (Table 5.1). The 15, 30, 120, and 
360 minute assemblages show a decrease in both straight and irregular microstriation 
trajectories, which corresponds to an increase in the absence of observable characteristics 
(Table 5.1). There is a decrease in straight microstriation trajectories only at 60 and 90 
minutes, and in irregular microstriation trajectories only at 180, 240, and 300 minutes. 
5.1.10. Microstriation location 
Marks produced by unretouched stone tools are argued to have microstriations predominantly 
on the walls of the main groove (Domínguez-Rodrigo et al. 2009a). Interestingly, 88.4% of 
internal microstriations (N = 244) were observed on both the walls and base of the grooves 
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before cleaning, with 10.9% (N = 30) on the base only and a single mark having 
microstriations on the walls only (0.4%; Table 5.1). As with the other microstriation 
characteristics, the unobservable (absent) data are duplicated at 29.7% (N = 82; Table 5.1).  
5.1.11. Metric variables 
There are marked shifts in the frequencies of qualitative morphological cut-mark traits before 
and after tap water boiling (Table 5.1), with many of these traits the effects become more 
pronounced as boiling time increases. For each of the time intervals a Wilcoxon signed-rank 
test was performed on the cut mark lengths before and after cleaning (Table 5.2). Tap water 
boiling at 180, 300, and 360 minutes produced significant differences in the sample medians 
(Table 5.2). Non-significant values indicate that the medians of the before and after cleaning 
assemblages do not differ significantly from each other, as is the case for most of the cleaning 
assemblages. Substantial changes were also observed in overall mark length before and after 
processing, with some boiling times resulting in longer marks and others resulting in shorter 
marks (Figure 5.2).  
Table 5.2 Wilcoxon and paired t-tests for each time interval measuring the difference in median lengths before and after tap 
water cleaning. Significant values in bold. 
Time interval N Median (mm) Wilcoxon statistic (W) p-value 
15 minutes 30 Before: 19.82 After: 17.69 250 0.73 
30 minutes 35 Before: 22.73 After: 21.61 424 0.08 
60 minutes 30 Before: 19.18 After: 18.16 314 0.10 
90 minutes 30 Before: 16.16 After: 17.12 302 0.16 
120 minutes 30 Before: 15.87 After: 15.16 299 0.18 
180 minutes 30 Before: 13.24 After: 10.29 481 <0.01 
240 minutes 30 Before: 14.02 After: 14.13 261 0.57 
300 minutes 30 Before: 22.62 After: 20.83 428 <0.01 
360 minutes 31 Before: 17.74 After: 16.29 423 <0.01 
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Figure 5.2 Details the changes in cut mark lengths (Before – After) at each time interval for tap water boiling experiments. 
Changes are shown as absolute values in mm. 
5.2. PROLONGED SIMMERING 
While prolonged simmering is assumed to be a gentler approach to defleshing experimental 
carcasses, it is quite obvious from the before and after photos that even after 15 minutes of 
gentle simmering significant changes began to occur (Figure 5.3). There are changes to the 
bone surface texture and colour, as well as changes to qualitative traits, such as the shoulder 
effect, and presence and extent of shoulder flaking (Domínguez-Rodrigo et al. 2009a).  
5.2.1. Mark trajectory 
As with tap water boiling, mark trajectory appears to change significantly after treatment by 
prolonged simmering. This is evident in the decrease in straight mark trajectory from 76.7% 
(N = 207) to just 0.7% (N = 2), as well as the increase in sinuous marks from 0.4% (N = 1) 
before to 81.5% (N = 220) after cleaning (Table 5.3). Prolonged simmering consistently 
affected roughly two-thirds of all assemblages from 15 minutes through to 360 minutes. As 
with the tap water boiling, the removal of bone flaking is the likely reason for this shift.  
5.2.2. Presence of a barb 
Barbs were initially visible in 99.3% (N = 268) of the assemblage prior to treatment by 
prolonged simmering; however, after treatment, the feature was completely removed from all 
stages of boiling (Table 5.3). The complete removal of this characteristic from 270 cut marks, 
across every time interval (Figure 5.3), suggests that prolonged simmering degrades the bone 
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surface and, therefore, the morphology of present modifications to a greater extent than other, 
more ‘harsh’ treatment types (e.g. boiling; Table 5.1). This result suggests that barbs may be 
more common in archaeological assemblages where potential thermal alteration is not 
observed. That is, that barbs in boiled assemblages should be under-represented when 
compared to unboiled assemblages.  
5.2.3. Mark shape 
The shift from a narrow to wide V-shaped groove is consistent with the shift seen in the tap 
water boiling experiments. There is a significant decrease in narrow V-shaped grooves from 
82.6% (N = 223) to 31.1% (N = 84) after treatment by prolonged simmering, as well as a 
corresponding increase in the presence of wide V-shaped grooves from 17.4% (N = 47) to 
68.2% (N = 184; Table 5.3). The greatest change occurred between 30 and 180 minutes of 
prolonged simmering treatment with more than 56% of marks developing a groove shape that 
was observed to be twice as wide as deep, whereas less than one-third of the 15, 240, 300, 
and 360 minute assemblages showed any shift in mark shape. 
5.2.4. Mark symmetry 
Prior to treatment, symmetrical marks accounted for 99.3% (N = 268) of the total 
assemblage; however, after treatment, this decreased to just 6% (N = 16) of the assemblage 
(Table 5.3). After just 15 minutes of prolonged simmering the frequency of symmetric marks 
decreased from 100% (N = 30) of the sample to 0%. At the 120-minute mark, the feature 
decreased from 100% (N = 30) to 3.3% (N = 1), while by the 360-minute mark the frequency 
of symmetric marks decreased to 13.3% (N = 4; Figure 5.3). This shift is likely due to the 
partial or uneven deterioration of the bone surface during treatment. 
5.2.5. Shoulder effect 
The presence of shoulder effect decreased from 100% to 46.3% (N = 125) after treatment by 
prolonged simmering (Table 5.3). After 360 minutes, there is little change in the presence of 
the shoulder effect across the 30 marks, with 86.7% (N = 26) of marks retaining the feature. 
This result is inconsistent with the rest of the assemblage, which showed a minimum decrease 
in presence from 100% to 60% (N = 18) and a maximum decrease to 26.7% (N = 8). Given 
the large dataset, this result could potentially be due to some shoulder effects having been 
incised either with more force by different actors or into bone that is more compact, thereby 
increasing the likelihood of survival in comparison to the rest of the population.  
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Figure 5.3 Results of prolonged simmering experiment 5-B-1 before and after 15 minutes; 5-C-10 before and after 30 
minutes; 5-D-13 before and after 60 minutes; 5-F-7 before and after 90 minutes; 5-I-1 before and after 120 minutes; 5-K-4 
before and after 180 minutes; 5-P-3 before and after 240 minutes; 5a-A-30 before and after 300 minutes; 5a-B-30 before and 
after 360 minutes. Scale bar = 1mm. 
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Table 5.3 The frequency of cut marks before and after treatment by prolonged simmering. Percentages shown in parentheses.  
 Total (N = 270) 15 minutes (N = 30) 30 minutes (N = 30) 60 minutes (N = 30) 90 minutes (N = 30) 120 minutes (N = 30) 180 minutes (N = 30) 240 minutes (N = 30) 300 minutes (N = 30) 360 minutes (N = 30) 
Trait Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After 
Groove trajectory 
Straight 207 2 23 (76.7) 1 (3.3) 18 (60) 0 26 (86.7) 0 21 (70) 0 23 (76.7) 0 21 (70) 0 23 (76.7) 0 22 (73.3) 0 30 (100) 1 (3.3) 
Curvy 62 46 7 (23.3) 5 (16.7) 11 (36.7) 1 (3.3) 4 (13.3) 2 (6.7) 9 (30) 2 (6.7) 7 (23.3) 4 (13.3) 9 (30) 4 (13.3) 7 (23.3) 4 (13.3) 8 (26.7) 11 (36.7) 0 13 (43.3) 
Sinuous 1 220 0 24 (80) 1 (3.3) 28 (93.3) 0 28 (93.3) 0 27 (90) 0 26 (86.7) 0 26 (86.7) 0 26 (86.7) 0 19 (63.3) 0 16 (53.3) 
Unknown 0 2 0 0 0 1 (3.3) 0 0 0 1 (3.3) 0 0 0 0 0 0 0 0 0 0 
Barb 
Present 268 0 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 0 28 (93.3) 0 30 (100) 0 30 (100) 0 30 (100) 0 
Absent 2 270 0 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 2 (6.7) 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 
Groove shape 
Narrow V 223 84 30 (100) 19 (63.3) 26 (86.7) 9 (30) 30 (100) 4 (13.3.) 30 (100) 5 (16.7) 28 (93.3) 10 (33.3) 26 (86.7) 9 (30) 16 (53.3) 7 (23.3) 14 (46.7) 3 (10) 23 (76.7) 18 (60) 
Wide \_/ 47 184 0 11 (36.7) 4 (13.3) 20 (66.7) 0 26 (86.7) 0 24 (80) 2 (6.7) 20 (66.7) 4 (13.3) 21 (70) 14 (46.7) 23 (76.7) 16 (53.3) 27 (90) 7 (23.3) 12 (40) 
Unknown 0 2 0 0 0 1 (3.3) 0 0 0 1 (3.3) 0 0 0 0 0 0 0 0 0 0 
Symmetry 
Symmetrical 268 16 30 (100) 0 30 (100) 1 (3.3) 30 (100) 2 (6.7) 30 (100) 0 30 (100) 1 (3.3) 30 (100) 3 (10) 30 (100) 1 (3.3) 28 (93.3) 4 (13.3.) 30 (100) 4 (13.3) 
Asymmetrical 2 253 0 30 (100) 0 29 (96.7) 0 28 (93.3) 0 29 (96.7) 0 29 (96.7) 0 27 (90) 0 29 (96.7) 2 (6.7) 26 (86.7) 0 26 (86.7) 
Unknown 0 1 0 0 0 0 0 0 0 1 (3.3) 0 0 0 0 0 0 0 0 0 0 
Shoulder effect 
Present 270 125 30 (100) 11 (36.7) 30 (100) 9 (30) 30 (100) 14 (46.7) 30 (100) 8 (26.7) 30 (100) 15 (50) 30 (100) 18 (60) 30 (100) 10 (33.3) 30 (100) 14 (46.7) 30 (100) 26 (86.7) 
Absent 0 145 0 19 (63.3) 0 21 (70) 0 16 (53.3) 0 22 (73.3) 0 15 (50) 0 12 (40) 0 20 (66.7) 0 16 (53.3) 0 4 (13.3.) 
Flaking on shoulder 
Present 270 112 30 (100) 11 (36.7) 30 (100) 13 (43.3) 30 (100) 17 (56.7) 30 (100) 11 (36.7) 30 (100) 18 (60) 30 (100) 20 (66.7) 30 (100) 7 (23.3) 30 (100) 5 (16.7) 30 (100) 10 (33.3) 
Absent 0 158 0 19 (63.3) 0 17 (56.7) 0 13 (43.3) 0 19 (63.3) 0 12 (40) 0 10 (33.3) 0 23 (76.7) 0 25 (83.3) 0 20 (66.7) 
Internal microstriations 
Present 270 211 30 (100) 25 (83.3) 30 (100) 17 (56.7) 30 (100) 28 (93.3) 30 (100) 23 (76.7) 30 (100) 23 (76.7) 30 (100) 23 (76.7) 30 (100) 19 (63.3) 30 (100) 25 (83.3) 30 (100) 28 (93.3) 
Absent 0 59 0 5 (16.7) 0 13 (43.3) 0 2 (6.7) 0 7 0 7 0 7 (23.3) 0 11 (36.7) 0 5 (16.7) 0 2 (6.7) 
Microstriation trajectory 
Continuous 270 4 30 (100) 0 30 (100) 0 30 (100) 1 (3.3) 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 1 (3.3) 30 (100) 0 30 (100) 2 (6.7) 
Discontinuous 0 207 0 25 (83.3) 0 17 (56.7) 0 27 (90) 0 23 (76.7) 0 23 (76.7) 0 23 (76.7) 0 18 (60) 0 25 (83.3) 0 26 (86.7) 
Absent 0 59 0 5 (16.7) 0 13 (43.3) 0 2 (6.7) 0 7 0 7 0 7 (23.3) 0 11 (36.7) 0 5 (16.7) 0 2 (6.7) 
Shape of microstriation trajectory 
Straight 212 0 27 (90) 0 18 (60) 0 26 (86.7) 0 22 (73.3) 0 23 (76.7) 0 21 (70) 0 23 (76.7) 0 22 (73.3) 0 30 (100) 0 
Irregular 58 211 3 (10) 25 (83.3) 12 (40) 17 (56.7) 4 (13.3.) 28 (93.3) 8 (26.7) 23 (76.7) 7 (23.3) 23 (76.7) 9 (30) 23 (76.7) 7 (23.3) 19 (63.3) 8 (26.7) 25 (83.3) 0 28 (93.3) 
Absent 0 59 0 5 (16.7) 0 13 (43.3) 0 2 (6.7) 0 7 0 7 0 7 (23.3) 0 11 (36.7) 0 5 (16.7) 0 2 (6.7) 
Location of microstriations 
Walls 0 16 0 1 (3.3) 0 1 (3.3) 0 1 (3.3) 0 5 (16.7) 0 2 (6.7) 0 4 (13.3) 0 1 (3.3) 0 0 0 1 (3.3) 
Bottom 119 97 12 (40) 19 (63.3) 12 (40) 4 (13.3) 16 (53.3) 19 (63.3) 17 (56.7) 10 (33.3) 29 (96.7) 7 (23.3) 15 (50) 7 (23.3) 12 (40) 10 (33.3) 5 (16.7) 17 (56.7) 2 (6.7) 4 (13.3) 
Both 150 98 18 (60) 5 (16.7) 18 (60) 12 (40) 14 (46.7) 8 (26.7) 13 (43.3) 8 (26.7) 1 (3.3) 14 (46.7) 15 (50) 12 (40) 18 (60) 8 (26.7) 25 (83.3) 8 (26.7) 28 (93.3) 23 (76.7) 
Absent 0 59 0 5 (16.7) 0 13 (43.3) 0 2 (6.7) 0 7 0 7 0 7 (23.3) 0 11 (36.7) 0 5 (16.7) 0 2 (6.7) 
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5.2.6. Flaking on the shoulder 
Before treatment by prolonged simmering, flaking on more than one-third of the mark was 
observed on 100% of the population (N = 270). After prolonged simmering, flaking on the 
shoulder of the mark did not exceed one-third of the length of the mark in 41.5% of all cases 
(N = 112) and was not observed in 58.5% of all cases (N = 158; Table 5.3). The largest 
observed shifts were identified from 240 minutes onwards with more than 66.7% (N = 20) of 
the assemblages presenting with no observable shoulder flaking. Prior to 240 minutes, flaking 
on less than one-third of the mark was observed on between 36.7% (N = 11) and 66.7% (N = 
20) of the assemblages.  
5.2.7. Presence of internal microstriations 
Prior to treatment, microstriations were observed on 100% of the experimental marks (N = 
270). Compared to the decrease in the presence of internal microstriations from the tap water 
boiling experiments, internal microstriations were present in 78.2% (N = 211) of all 
prolonged simmering cases (Table 5.3). The 30-minute assemblage showed the largest 
decrease in the presence to internal microstriations from 100% to 56.7% (N = 17), followed 
by the 240-minute assemblage with the feature present on 63.3% (N = 19) of marks. 
5.2.8. Microstriation trajectory 
Before treatment, internal microstriations with continuous trajectories constituted 100% of 
the total assemblage (N = 270), compared to just 1.5% (N = 4) after treatment (Table 5.3). 
There was a minimum 93.3% shift (N = 28) from continuous to discontinuous trajectory 
across all time intervals indicating that some areas of the internal microstriations were 
affected or “broken” during treatment resulting in the multiple instances of disruptions to the 
microstriations described by Domínguez-Rodrigo et al. (2009a: 2647).  
5.2.9. Microstriation shape 
As with the tap water boiling experiments, the frequency of the irregularly shaped internal 
microstriations before treatment (21.5%; Table 5.3) corresponds to the frequency of curvy 
main groove trajectories before treatment (22.9%). Irregularly shaped internal microstriations 
increased from 21.5% to 78.2%, whereas straight internal microstriations decrease 
significantly from 78.5% to 0%. There was a minimum 60% decrease in straight internal 
microstriation trajectories and, with the exception of the 30 minute assemblage, a minimum 
40% increase in the appearance of irregular (non-straight) internal microstriations (Table 
5.3). This echoes the shifts observed in trajectories of the main grooves with 76.7% observed 
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as having straight trajectories before treatment and 0.7% (N = 2) after treatment, and 23.3% 
non-straight (curvy and sinuous) trajectories before treatment and 98.5% after treatment 
(Table 5.1). The frequencies among the absent category remain consistent with the absent 
result from the previous sections.  
5.2.10. Microstriation location 
As with tap water boiling, the majority of marks prior to treatment (55.6%; N = 150) were 
observed on both the base and walls of the main groove, with the remainder (44.4%; N = 
119) appearing on the bottom only. After treatment, the incidence of microstriations 
decreases to 36.3% (both; N = 98) and 35.9% (bottom only; N = 97), and increases from 0% 
to 5.9% (walls only; N = 16), with 21.9% absent (N = 59; Table 5.3). The decrease in the 
appearance of microstriations on both walls and base by a minimum of 10% indicates uneven 
removal of internal microstriations along either the walls or bases of the marks (Table 5.3). 
After 120 minutes, however, microstriation location decreases to 73.3% (N = 22) in the 
appearance on the base only and increases to 46.7% (N = 14) in the appearance of 
microstriations on both walls and base.  
5.2.11. Metric variables 
There is not only an observable change in the qualitative traits, but also significant difference 
to the length of the cut marks from measurements taken before and after prolonged 
simmering (Figure 5.3). For each of the time intervals Wilcoxon tests were performed on the 
cut marks before and after treatment (Table 5.4). The Wilcoxon tests show that four of the 
nine experiments (15, 180, 240, 300, and 360 minutes) produced median differences that 
were significantly different from zero, indicating that prolonged simmering affects cut mark 
lengths from as early as 15 minutes. The magnitude of change in mark length—measured as 
the absolute value of the change in mark length—varies significantly across samples with 
different boiling times; a Kruskal-Wallis test for equal medians shows the median mark 
length differs significantly between the sample medians (H = 44.3, p <0.001; Figure 5.4). 
Several of the qualitative morphological criteria show that transformations in 
presence/absence of characteristics are increasingly apparent as the bones are exposed to 
longer periods of gentle simmering (Table 5.4), until many of the diagnostic criteria that are 
associated with anthropogenic cut marks have mostly disappeared. 
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Table 5.4 Wilcoxon and paired t-tests for each time interval measuring the difference in median lengths before and after 
prolonged simmering. Significant values in bold. 
Time interval N Median (mm) Wilcoxon statistic (W) p-value 
15 minutes 30 Before: 22.64 After: 16.45 465 <0.01 
30 minutes 30 Before: 19.93 After: 18.60 302 0.16 
60 minutes 30 Before: 21.83 After: 19.89 297 0.19 
90 minutes 30 Before: 23.41 After: 21.52 320 0.07 
120 minutes 30 Before: 17.96 After: 17.90 308 0.12 
180 minutes 30 Before: 16.88 After: 15.09 342 0.02 
240 minutes 30 Before: 20.57 After: 16.91 378 0.01 
300 minutes 30 Before: 5.641 After: 3.91 440 <0.01 
360 minutes 30 Before: 4.10 After: 3.58 465 <0.01 
 
Figure 5.4 Details the changes in cut mark lengths (Before – After) at each time interval for prolonged simmering 
experiments. Changes are shown as absolute values in mm.  
5.3. LAUNDRY POWDER BOILING  
Laundry powder imparts unique damage to experimental assemblages—a white, chalky 
residue across the entirety of the bone surface (Figure 5.5). This occurs from the 15-minute 
mark and increases in severity the longer the assemblage is exposed to the cleaning process—
the bone surfaces appearing gradually more bleached and dried out over time (Table 5.5). 
Shoulder flaking decreases considerably in frequency until it has disappeared entirely. The 
marks appear overall shallower and wider (wide-v shape) than they did before cleaning. 
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Microstriations are almost non-existent from the 90-minute mark, as well as an overall 
decrease in the size, shape, and presence of grooves and striae associated with the main mark.  
5.3.1. Mark trajectory 
The frequency of mark trajectory in the laundry powder boiling experiments follows the same 
trend set up by the previous tap water boiling and prolonged simmering experiments. Before 
treatment, marks with straight trajectories account for 80.1% of the overall assemblage (N = 
217); however, after treatment the frequency of straight trajectories decreases to just 6.3% (N 
= 17; Table 5.5). Conversely, the frequencies of curvy and sinuous mark trajectories increases 
from 19.6% to 41.3% (N = 53 to N = 112) and 0.4% to 46.1% (N = 1 to N = 125), 
respectively. The incidence of undiagnostic mark trajectories—comprising 6.3% of the 
assemblage (N = 17)—begins at the 90-minute mark and continues until the end of the 
experiment. Straight trajectories observed a decrease to a minimum of 30% (N = 9) in 
presence over the time intervals. Marks with curvy trajectories displayed a general increase of 
up to 60% (N = 18) of the individual assemblages with the exception of 360 minutes, which 
shows a 50% decrease (N = 15) in presence of curvy trajectories. This decrease, coupled with 
the 30% decrease in straight trajectory frequency, is proportional to the 80% increase (N = 
24) observed in the presence of sinuous mark trajectories in the 360 minute sample (Table 
5.5). The 80% shift signifies the maximum increase in the frequency of sinuous mark 
trajectories; the minimum is 23.3% (N = 7) at 240 minutes. 
5.3.2. Presence of a barb 
The presence of a barb along the mark edge is present in 97.4% of all cases (N = 264) before 
treatment, compared to the 1.8% presence (N = 5) after treatment (Table 5.5). The barb trait 
was still present at 15 (N = 1), 90 (N = 2), 120 (N = 1), and 180 minutes (N = 1). As with the 
tap water boiling and prolonged simmering experiments, laundry powder boiling degrades the 
bone surface, which removes evidence of shallower striae that are attached to and run 
alongside the main groove (Fisher 1995; Shipman and Rose 1983a). As Shipman and Rose 
(1983a) suggest the presence of barbs on the main grooves, though regularly present in 
experimental cut mark assemblages, do not have great survivability in the archaeological 
record. Their elimination, however, may be due to external factors not associated with 
boiling. 
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Figure 5.5 Results of laundry powder boiling experiment 2-F-16 before and after 15 minutes; 2-I-9 before and after 30 
minutes; 2-L-10 before and after 60 minutes; 2-O-6 before and after 90 minutes; 2-Q-11 before and after 120 minutes; 3-B-
10 before and after 180 minutes; 3-C-6 before and after 240 minutes; 3-E-2 before and after 300 minutes; 3-H-9 before and 
after 360 minutes. Scale bar = 1mm.
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Table 5.5 The frequency of cut mark traits before and after treatment by laundry powder boiling. Percentages shown in parentheses.  
 Total (N = 271) 15 minutes (N = 30) 30 minutes (N = 31) 60 minutes (N = 30) 90 minutes (N = 30) 120 minutes (N = 30) 180 minutes (N = 30) 240 minutes (N = 30) 300 minutes (N = 30) 360 minutes (N = 30) 
Trait Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After 
Groove trajectory 
Straight 217 17 17 (56.7) 0 25 (80.6) 2 (6.5) 20 (66.7) 2 (6.7) 26 (86.7) 3 (10) 28 (93.3) 5 (16.7) 28 (93.3) 1 (3.3) 29 (96.7) 4 (13.3) 25 (83.3) 0 9 (30) 0 
Curvy 53 112 13 (43.3) 16 (53.3) 6 (19.4) 15 (48.4) 10 (33.3) 13 (43.3) 4 (13.3) 11 (36.7) 2 (6.7) 8 (26.7) 2 (6.7) 19 (63.3) 1 (3.3) 19 (63.3) 5 (16.7) 6 (20) 20 (66.7) 5 (16.7) 
Sinuous 1 125 0 14 (46.7) 0 14 (45.1) 0 15 (50) 0 10 (33.3) 0 8 (26.7) 0 10 (33.3) 0 7 (23.3) 0 22 (73.3) 1 (3.3) 25 (83.3) 
Unknown 0 17 0 0 0 0 0 0 0 6 (20) 0 9 (30) 0 0 0 0 0 2 (6.7) 0 0 
Barb 
Present 264 5 30 (100) 1 (3.3) 30 (96.8) 0 29 (96.7) 0 29 (96.7) 2 (6.7) 26 (86.7) 1 (3.3) 30 (100) 1 (3.3) 30 (100) 0 30 (100) 0 30 (100) 0 
Absent 7 266 0 29 (96.7) 1 (3.2) 31 (100) 1 (3.3) 30 (100) 1 (3.3) 28 (93.3) 4 (13.3) 29 (96.7) 0 29 (96.7) 0 30 (100) 0 30 (100) 0 30 (100) 
Groove shape 
Narrow V 236 72 29 (96.7) 3 (10) 27 (87.1) 6 (19.4) 23 (76.7) 7 (23.3) 23 (76.7) 5 (16.7) 23 (76.7) 4 (13.3) 30 (100) 15 (50) 28 (93.3) 14 (46.7) 26 (86.7) 9 (30) 27 (90) 9 (30) 
Wide \_/ 35 185 1 (3.3) 27 (90) 4 (12.9) 25 (80.6) 7 (23.3) 23 (76.7) 7 (23.3) 19 (63.3) 7 (23.3) 19 (63.3) 0 15 (50) 2 (6.7) 16 (53.3) 4 (13.3) 20 (66.7) 3 (10) 21 (70) 
Unknown 0 14 0 0 0 0 0 0 0 6 (20) 0 7 (23.3) 0 0 0 0 0 1 (3.3) 0 0 
Symmetry 
Symmetrical 192 44 18 (60) 1 (3.3) 25 (80.6) 6 (19.4) 15 (50) 13 (43.3) 18 (60) 11 (36.7) 21 (70) 5 (16.7) 22 (73.3) 5 (16.7) 19 (63.3) 3 (10) 27 (90) 0 27 (90) 0 
Asymmetrical 79 214 12 (40) 29 (96.7) 6 (19.4) 25 (80.6) 15 (50) 17 (56.7) 12 (40) 13 (43.3) 9 (30) 19 (63.3) 8 (26.7) 25 (83.3) 11 (36.7) 27 (90) 3 (10) 29 (96.7) 3 (10) 30 (100) 
Unknown 0 13 0 0 0 0 0 0 0 6 (20) 0 6 (20) 0 0 0 0 0 1 (3.3) 0 0 
Shoulder effect 
Present 269 48 30 (100) 0 31 (100) 3 (9.7) 30 (100) 10 (33.3) 30 (100) 15 (50) 28 (93.3) 6 (20) 30 (100) 11 (36.7) 30 (100) 0 30 (100) 1 (3.3) 30 (100) 2 (6.7) 
Absent 2 223 0 30 (100) 0 28 (90.3) 0 20 (66.7) 0 15 (50) 2 (6.7) 24 (80) 0 19 (63.3) 0 30 (100) 0 29 (96.7) 0 28 (83.3) 
Flaking on shoulder 
Present  270 8 30 (100) 3 (10) 31 (100) 3 (9.7) 30 (100) 0 30 (100) 0 29 (96.7) 0 30 (100) 1 (3.3) 30 (100) 0 30 (100) 1 (3.3) 30 (100) 0 
Absent 1 263 0 27 (90) 0 28 (90.3) 0 30 (100) 0 30 (100) 1 (3.3) 30 (100) 0 29 (96.7) 0 30 (100) 0 29 (96.7) 0 30 (100) 
Internal microstriations 
Present 271 180 30 (100) 24 (80) 31 (100) 27 (87.1) 30 (100) 25 (83.3) 30 (100) 16 (53.3) 30 (100) 15 (50) 30 (100) 22 (73.3) 30 (100) 24 (80) 30 (100) 14 (46.7) 30 (100) 13 (43.3) 
Absent 0 91 0 6 (20) 0 4 (12.9) 0 5 (16.7) 0 14 (46.7) 0 15 (50) 0 8 (26.7) 0 6 (20) 0 16 (53.3) 0 17 (56.7) 
Microstriation trajectory 
Continuous 267 13 30 (100) 1 (3.3) 31 (100) 0 28 (93.3) 5 (16.7) 28 (93.3) 0 30 (100) 2 (6.7) 30 (100) 1 (3.3) 30 (100) 4 (13.3) 30 (100) 0 30 (100) 0 
Discontinuous 4 167 0 23 (76.7) 0 27 (87.1) 2 (6.7) 20 (66.7) 2 16 (53.3) 0 13 (43.3) 0 21 (70) 0 20 (66.7) 0 14 (46.7) 0 13 (43.3) 
Absent 0 91 0 6 (20) 0 4 (12.9) 0 5 (16.7) 0 14 (46.7) 0 15 (50) 0 8 (26.7) 0 6 (20) 0 16 (53.3) 0 17 (56.7) 
Shape of microstriation trajectory 
Straight 230 1 22 (73.3) 0 25 (80.6) 0 19 (63.3) 0 25 (83.3) 0 29 (96.7) 1 (3.3) 28 (93.3) 0 30 (100) 0 29 (96.7) 0 23 (76.7) 0 
Irregular 41 179 8 (26.7) 24 (80) 6 (19.4) 27 (87.1) 11 (36.7) 25 (83.3) 5 (16.7) 16 (53.3) 1 (3.3) 14 (46.7) 2 (6.7) 22 (73.3) 0 24 (80) 1 (3.3) 14 (46.7) 7 (23.3) 13 (43.3) 
Absent 0 91 0 6 (20) 0 4 (12.9) 0 5 (16.7) 0 14 (46.7) 0 15 (50) 0 8 (26.7) 0 6 (20) 0 16 (53.3) 0 17 (56.7) 
Location of microstriations 
Walls 0 9 0 0 0 4 (12.9) 0 0 0 0 0 0 0 0 0 0 0 1 (3.3) 0 4 (13.3) 
Bottom 132 104 30 (100) 23 (76.7) 30 (96.8) 14 (45.1) 16 (53.3) 13 (43.3) 10 (33.3) 14 (46.7) 14 (46.7) 12 (40) 10 (33.3) 13 (43.3) 11 (36.7) 11 (36.7) 2 (6.7) 4 (13.3) 10 (33.3) 0 
Both 139 67 0 1 (3.3) 1 (3.2) 9 (29) 14 (46.7) 12 (40) 20 (66.7) 2 (6.7) 16 (53.3) 3 (10) 20 (66.7) 9 (30) 19 (63.3) 13 (43.3) 28 (93.3) 9 (30) 20 (66.7) 9 (30) 
Absent 0 91 0 6 (20) 0 4 (12.9) 0 5 (16.7) 0 14 (46.7) 0 15 (50) 0 8 (26.7) 0 6 (20) 0 16 (53.3) 0 17 (56.7) 
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5.3.3. Mark shape 
Mark shape frequencies for the laundry powder boiling treatment follow the results and 
trends from the previous mark shape subsections. Before treatment, 87.1% of marks (N = 
236) displayed the ‘classic’ narrow V-shaped groove typified by Domínguez-Rodrigo et al. 
(2009a), with 12.9% of marks (N = 35) observed as a wide V-shaped groove (Table 5.5). 
After treatment, narrow V grooves decreased in frequency to 26.6% (N = 72) of the total 
assemblage, with an increased frequency of wide V-shaped grooves to 68.3% (N = 185), and 
5.2% (N = 14) of marks were degraded past the point of inferential confidence. The addition 
of laundry powder to the boiling water appears to aid in the deterioration of the bone surface, 
while also coating the surface in a white film (Figure 5.5). This degradation of the bone 
surface is observed by the change in mark shape from the ‘classic’ narrow V-shape to a wider 
V-shape after even 15 minutes of treatment (Table 5.5).  
5.3.4. Mark symmetry 
Cross-sectional mark symmetry is observed as being either symmetrical or asymmetrical, 
with symmetrical grooves more likely to be the result of straight cut marks that are incised 
with an unretouched tool held at 90° to the long bone surface (Domínguez-Rodrigo et al. 
2009a; Fisher 1995; Monnier and Bischoff 2014). Unlike the results of the tap water boiling 
experiments (subsection 5.1.4), there is a significant decrease in the presence of symmetrical 
marks after laundry powder boiling treatment from 70.8% of all cases (N = 192) before 
treatment to just 16.2% (N = 72) after treatment, with 4.8% (N = 13) of marks identified as 
undiagnostic after treatment (Table 5.5). After 15 minutes of boiling, the incidence of 
symmetrical marks drops from 60% (N = 18) to 3.3% (N = 1). The smallest decrease 
occurred at 60 minutes, with symmetrical marks decreasing from 50% (N = 15) to 43.3% (N 
= 13). Symmetrical marks totaled 90% (N = 27) of the 300 and 360 minute assemblages 
before treatment and decreased to 0% after treatment in both cases. After 90 and 120 minutes 
of treatment, 20% (N = 6) of the assemblages had marks that were not diagnostically 
identifiable.  
5.3.5. Shoulder effect 
The fine, shallow striae representative of shoulder effects were observed to in 99.3% of the 
assemblage (N = 269) prior to laundry powder boiling treatment, with only two marks (0.7%) 
not displaying any evidence of striations running along or across the main groove (Fisher 
1995; Shipman and Rose 1983a). After treatment there is a significant decrease in the 
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presence of the shoulder effects with only 17.7% of the total assemblage (N = 48) retaining 
the presence of shallow shoulder effects and 82.3% losing this feature (N = 223; Table 5.5). 
There is a significant decrease in the presence of a shoulder effect, with 100% of the 
assemblage (N = 30) displaying no shoulder effect after the initial 15 minutes of treatment. 
The smallest decrease in the presence of shoulder effect occurred at 90 minutes with only 
50% of the assemblage (N = 15) retaining the trait (Table 5.5).  
5.3.6. Flaking on the shoulder 
The presence of flaking along the shoulder of the main groove was evident in 99.6% of the 
assemblage (N = 270) prior to laundry powder treatment and significantly decreased after 
treatment to just 3% (N = 8) of the total assemblage (Table 5.5). After 15 minutes of 
treatment, the frequency of shoulder flaking drops from 100% (N = 30) to just 10% (N = 3). 
The smallest decrease in flaking presence occurred at 15 minutes with 10% (N = 3) of the 
sample retaining the trait. From 60 minutes onwards, the presence of shoulder flaking goes 
from 100% present (N = 30) to 100% absent, with few exceptions (Table 5.5). The sharp 
decrease in the presence of flaking along the shoulder of the main groove indicates that the 
agitation of the boiling in concert with the laundry powder may have contributed to the 
excessive deterioration in mark attributes.  
5.3.7. Presence of internal microstriations 
Prior to treatment by laundry powder boiling, internal microstriations were present in 100% 
of the total assemblage (N = 271), with 66.4% (N = 180) of marks retaining their internal 
microstriations after treatment (Table 5.5). Treatment times of 60 minutes and under showed 
a decrease in the presence of internal microstriations of less than 20% (N = 6); whereas in 
treatment times from 90 to 360 minutes, internal microstriations frequencies achieved a low 
of 56.7% (N = 17).  
5.3.8. Microstriation trajectory 
Before treatment 98.5% (N = 267) of the internal microstriations presented with a continuous 
trajectory with only 1.5% (N = 4) observed as discontinuous—one or more interruptions. 
After treatment, however, there was a significant decrease in internal microstriation 
trajectories, with only 4.8% (N = 13) of the total assemblage retaining a continuous 
trajectory; whereas marks with discontinuous trajectories increased to 61.6% (N = 167) and 
marks with absent trajectories also increased from 0% to 33.6% (N = 91; Table 5.5). The 
results follow a similar pattern to the results from the tap water boiling experiment. 
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5.3.9. Microstriation shape 
Straight internal microstriations dominated the assemblage prior to treatment with an 
observed frequency of 84.9%; after treatment, there was only a single groove (0.4%) that 
retained the straight feature. Irregular internal microstriations increased from 15.1% before 
treatment to 66.1% after laundry powder boiling and grooves with unobservable internal 
microstriations increased from 0% to 33.6% after treatment (Table 5.5).  
5.3.10. Microstriation location 
The incidence of microstriation trajectory locations before laundry powder boiling follow 
results from previous experiments with microstriations solely on the walls being completely 
absent and appearing to be relatively evenly spread along the base of the groove (48.7%; N = 
132), as well as across both the walls and base (51.3%; N = 139). There is an increase in the 
presence of microstriations on the walls only to 3.3% (N = 9), indicating that cleaning 
potentially affects basally located internal microstriations to a greater extent—however 
slight—than those imparted on the walls of the groove. This is coupled with a decrease in 
internal microstriation presence located on the bottom of marks to 38.4% (N = 104), as well 
as in those located on both the walls and base of grooves to 24.7% present (N = 67). As with 
the previous internal microstriation traits, the frequency of absent microstriations holds at 
33.6% (N = 91) of the assemblage (Table 5.5).  
5.3.11. Metric variables 
As with the tap water boiling and prolonged simmering experiments, there were not only 
observable changes in the frequencies of qualitative features, but also significant differences 
to cut mark lengths taken before and after laundry powder boiling (Figure 5.5). Again, 
Wilcoxon tests were performed on the cut mark measurements before and after treatment 
with the non-significant values (p >0.05) indicating there is no substantial change in the 
population medians and means following treatment (Table 5.6). The Wilcoxon tests indicate 
that there is a significant deviation in the before and after medians in the 15, 30, 90, and 360 
minute assemblages, suggesting that laundry powder boiling can affect BSM measurements 
in as little as 15 minutes. A Kruskal-Wallis test shows the median mark lengths differ 
significantly between sample medians (H = 42.99; p <0.01). Most of the qualitative 
morphological criteria show that variations in presence/absence of mark traits are 
increasingly evident as the bones are subjected to longer periods of laundry powder boiling 
(Table 5.6). 
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Table 5.6 Wilcoxon and paired t-tests for each time interval measuring the difference in median lengths before and after 
laundry powder boiling. Significant values in bold.  
Time interval N Median (mm) Wilcoxon statistic (W) p-value 
15 minutes 30 Before: 20.60 After: 18.71 388 0.01 
30 minutes 31 Before: 19.37 After: 16.57 473 <0.01 
60 minutes 30 Before: 18.29 After: 19.77 271 0.43 
90 minutes 30 Before: 4.34 After: 3.96 372 <0.01 
120 minutes 30 Before: 11.94 After: 8.61 283 0.30 
180 minutes 30 Before: 24.92 After: 26.61 308 0.12 
240 minutes 30 Before: 24.93 After: 26.85 240 0.88 
300 minutes 30 Before: 28.85 After: 29.15 299 0.17 
360 minutes 30 Before: 29.04 After: 29.63 335 0.04 
 
Figure 5.6 Details the changes in cut mark lengths (Before – After) at each time interval for laundry powder boiling 
experiments. Changes are shown as absolute values in mm. 
5.4. LAUNDRY LIQUID BOILING  
Unlike the previous three thermal experiments, laundry liquid boiling is not associated with 
drastic changes at short boiling times, but is instead characterised by a more gradual shift 
towards severely diminished or erased shoulder flaking and overall shallower and wider 
groove shapes (Figure 5.7). It is not until after a minimum of 90 minutes that internal 
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microstriations start to decrease in visibility, the flaking has all but disappeared, and the bone 
surface displays an overly bleached, dried out appearance. The longer, shallower tails of 
individual cut marks begin to erode away from the 180-minute mark onward. Although there 
is no chalky residue on the bone surface as appears on the laundry powder assemblages, the 
addition of the laundry liquid caused the bone surfaces to appear brittle and more likely to be 
exfoliated after 90 minutes of treatment.  
5.4.1. Mark trajectory 
Following patterns established in the previous experiments, there is a significant change in 
the frequencies of observed mark trajectory after treatment by laundry liquid boiling. Before 
treatment, straight mark trajectories totaled 72% of the total assemblage (N = 198), curvy 
represented 27.6% (N = 76), and sinuous only 0.4% (N = 1), whereas after treatment straight 
trajectories significantly diminished to just 1.5% (N = 4), curvy trajectories held mostly 
constant at 21.4% (N = 59), and sinuous trajectories increased substantially to 75.3% (N = 
207; Table 5.7). Five main grooves (1.8%) were damaged to the point of being non-
diagnostic and were observed at 30 minutes (N = 1), 60 minutes (N = 1), and 360 minutes (N 
= 3). This substantial decrease in straight marks is evident from the initial 15 minutes of 
treatment, with 80% (N = 24) of marks displaying straight trajectories before treatment and 
no straight trajectories observable after treatment (Table 5.7). After 120 minutes of treatment, 
the presence of straight grooves decreased from 80% (N = 24) to 0% after treatment, curvy 
grooves increased slightly from 20% (N = 6) to 23.3% (N = 7), and sinuous grooves 
increased significantly from 0% to 76.7% (N = 23). After 360 minutes, straight grooves 
decreased from 30% (N = 9) to 0%, curvy also decreased from 66.7% (N = 20) to 16.7% (N = 
5), while sinuous trajectories increased significantly from 3.3% (N = 1) to 73.3% (N = 22) 
and marks with undiagnostic trajectories constituted 10% (N = 3) of the assemblage after 
treatment (Table 5.7).  
5.4.2. Presence of a barb 
Barbs were observed to be present on 100% of the laundry liquid boiling experimental 
assemblage before treatment (N = 275; Table 5.7). After treatment, the presence of barbs on 
the grooves were removed in all cases except for two (at 240 minutes), yielding a decrease in 
barb presence to 0.7% (N = 2; Table 5.7; Figure 5.7).  
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Figure 5.7 Results of laundry liquid boiling experiment 3-J-10 before and after 15 minutes; 3-Q-1 before and after 30 
minutes; 4-A-17 before and after 60 minutes; 4-B-15 before and after 90 minutes; 4-C-13 before and after 120 minutes; 4-F-
10 before and after 180 minutes; 4-K-5 before and after 240 minutes; 4-N-1 before and after 300 minutes; 5-A-25 before and 
after 360 minutes. Scale bar = 1mm. 
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Table 5.7 The frequency of cut-mark traits before and after treatment by laundry liquid boiling. Percentages shown in parentheses.  
 Total (N = 275) 15 minutes (N = 30) 30 minutes (N = 30) 60 minutes (N = 30) 90 minutes (N = 30) 120 minutes (N = 30) 180 minutes (N = 35) 240 minutes (N = 30) 300 minutes (N = 30) 360 minutes (N = 30) 
Trait Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After 
Groove trajectory 
Straight 198 4 24 (80) 0 24 (80) 3 (10) 30 (100) 0 24 (80) 0 24 (80) 0 25 (71.4) 0 22 (73.3) 0 16 (53.3) 1 (3.3) 9 (30) 0 
Curvy 76 59 6 (20) 8 (26.7) 6 (20) 8 (26.7) 0 8 (26.7) 6 (20) 10 (33.3) 6 (20) 7 (23.3) 10 (28.6) 5 (14.3) 8 (26.7) 5 (16.7) 14 (46.7) 3 (10) 20 (66.7) 5 (16.7) 
Sinuous 1 207 0 22 (73.3) 0 18 (60) 0 21 (70) 0 20 (66.7) 0 23 (76.7) 0 30 (85.7) 0 25 (83.3) 0 26 (86.7) 1 (3.3) 22 (73.3) 
Unknown  0 5 0 0 0 1 (3.3) 0 1 (3.3) 0 0 0 0 0 0 0 0 0 0 0 3 (10) 
Barb 
Present 275 2 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 0 35 (100) 0 30 (100) 2 (6.7) 30 (100) 0 30 (100) 0 
Absent 0 273 0 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 0 30 (100) 0 35 (100) 0 28 (83.3) 0 30 (100) 0 30 (100) 
Groove shape 
Narrow V 248 85 21 (70) 5 (16.7) 26 (86.7) 6 (20) 27 (90) 9 (30) 30 (100) 17 (56.7) 30 (100) 11 (36.7) 30 (85.7) 9 (25.7) 25 (83.3) 10 (33.3) 30 (100) 5 (16.7) 29 (96.7) 13 (43.3) 
Wide \_/ 27 187 9 (30) 25 (83.3) 4 (13.3) 24 (80) 3 (10) 20 (66.7) 0 13 (43.3) 0 19 (63.3) 5 (14.3) 26 (74.3) 5 (16.7) 20 (66.7) 0 25 (83.3) 1 (3.3) 15 (50) 
Unknown  0 3 0 0 0 0 0 1 (3.3) 0 0 0 0 0 0 0 0 0 0 0 2 (6.7) 
Symmetry 
Symmetrical 256 16 27 (90) 0 29 (96.7) 5 (16.7) 26 (86.7) 1 (3.3) 30 (100) 2 (6.7) 30 (100) 3 (10) 30 (85.7) 3 (8.6) 25 (83.3) 1 (3.3) 29 (96.7) 1 (3.3) 30 (100) 0 
Asymmetrical 19 258 3 (10) 30 (100) 1 (3.3) 25 (83.3) 4 (13.3) 29 (96.7) 0 28 (93.3) 0 27 (90) 5 (14.3) 32 (91.4) 5 (16.7) 29 (96.7) 1 (3.3) 29 (96.7) 0 29 (96.7) 
Unknown  0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 (3.3) 
Shoulder effect 
Present 275 166 30 (100) 14 (46.7) 30 (100) 19 (63.3) 30 (100) 15 (50) 30 (100) 29 (96.7) 30 (100) 23 (76.7) 35 (100) 28 (80) 30 (100) 13 (43.3) 30 (100) 9 (30) 30 (100) 16 (53.3) 
Absent 0 109 0 16 (53.3) 0 11 (36.7) 0 15 (50) 0 1 (3.3) 0 7 (23.3) 0 7 (20) 0 17 (56.7) 0 21 (70) 0 14 (46.7) 
Flaking on shoulder 
Present 275 80 30 (100) 21 (70) 30 (100) 12 (40) 30 (100) 8 (26.7) 30 (100) 8 (26.7) 30 (100) 10 (33.3) 35 (100) 4 (11.4) 30 (100) 7 (23.3) 30 (100) 5 (16.7) 30 (100) 5 (16.7) 
Absent 0 195 0 9 (30) 0 18 (60) 0 22 (73.3) 0 22 (73.3) 0 20 (66.7) 0 31 (88.6) 0 23 (76.7) 0 25 (83.3) 0 25 (83.3) 
Internal microstriations 
Present 275 224 30 (100) 28 (93.3) 30 (100) 20 (66.7) 30 (100) 17 (56.7) 30 (100) 22 (73.3) 30 (100) 26 (86.7) 35 (100) 32 (91.4) 30 (100) 29 (96.7) 30 (100) 27 (90) 30 (100) 23 (76.7) 
Absent 0 51 0 2 (6.7) 0 10 (33.3) 0 13 (43.3) 0 8 (26.7) 0 4 (13.3) 0 3 (8.6) 0 1 (3.3) 0 3 (10) 0 7 (23.3) 
Microstriation trajectory 
Continuous 273 6 30 (100) 0 30 (100) 0 30 (100) 2 (6.7) 30 (100) 2 (6.7) 30 (100) 1 (3.3) 33 (94.3) 0 30 (100) 0 30 (100) 0 30 (100) 1 (3.3) 
Discontinuous 2 218 0 28 (93.3) 0 20 (66.7) 0 15 (50) 0 20 (66.7) 0 25 (83.3) 2 (5.7) 32 (91.4) 0 29 (96.7) 0 27 (90) 0 22 (73.3) 
Absent 0 51 0 2 (6.7) 0 10 (33.3) 0 13 (43.3) 0 8 (26.7) 0 4 (13.3) 0 3 (8.6) 0 1 (3.3) 0 3 (10) 0 7 (23.3) 
Shape of microstriation trajectory 
Straight 226 1 22 (73.3) 0 24 (80) 1 (3.3) 28 (93.3) 0 30 (100) 0 24 (80) 0 30 (85.7) 0 24 (80) 0 22 (73.3) 0 22 (73.3) 0 
Irregular 49 223 8 (26.7) 28 (93.3) 6 (20) 19 (63.3) 2 (6.7) 17 (56.7) 0 22 (73.3) 6 (20) 26 (86.7) 5 (14.3) 32 (91.4) 6 (20) 29 (96.7) 8 (26.7) 27 (90) 8 (26.7) 23 (76.7) 
Absent 0 51 0 2 (6.7) 0 10 (33.3) 0 13 (43.3) 0 8 (26.7) 0 4 (13.3) 0 3 (8.6) 0 1 (3.3) 0 3 (10) 0 7 (23.3) 
Location of microstriations 
Walls 0 22 0 1 (3.3) 0 0 0 1 (3.3) 0 9 (30) 0 2 (6.7) 0 4 (11.4) 0 0 0 1 (3.3) 0 4 (13.3) 
Bottom 95 114 6 (20) 7 (23.3) 14 (46.7) 18 (60) 8 (26.7) 11 (36.7) 14 (46.7) 5 (16.7) 7 (23.3) 11 (36.7) 9 (25.7) 15 (42.9) 15 (50) 25 (83.3) 13 (43.3) 12 (40) 9 (30) 10 (33.3) 
Both 180 88 24 (80) 20 (66.7) 16 (53.3) 2 (6.7) 22 (73.3) 5 (16.7) 16 (53.3) 8 (26.7) 23 (76.7) 13 (43.3) 26 (74.3) 13 (37.1) 15 (50) 4 (13.3) 17 (56.7) 14 (46.7) 21 (70) 9 (30) 
Absent 0 51 0 2 (6.7) 0 10 (33.3) 0 13 (43.3) 0 8 (26.7) 0 4 (13.3) 0 3 (8.6) 0 1 (3.3) 0 3 (10) 0 7 (23.3) 
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5.4.3. Mark shape 
Before treatment, mark shape was heavily dominated by narrow V-shaped grooves (90.2%; N 
= 248), with 9.8% (N = 27) displaying a wide V-shaped groove—twice as wide as deep 
(Table 5.7). After treatment, the frequency of narrow V-shaped grooves dropped to 30.9% (N 
= 85) of the assemblage, whereas the incidence of wide V-shaped grooves increased to 68% 
(N = 187), with three marks (1.1%) presenting as diagnostically unidentifiable. The observed 
presence of narrow V-shaped grooves after cleaning showed significant decreases as early as 
15 minutes after treatment, with the frequency dropping from 70% (N = 21) to 16.7% (N = 
5).  
5.4.4. Mark symmetry 
The frequency of mark symmetry before and after treatment is almost perfectly inverse. 
Before treatment, 93.1% of all marks (N = 256) were observed as having a symmetrical 
cross-section (V), with 6.9% (N = 19) presenting with an asymmetric cross-section (V). After 
treatment, however, these values switched with only 5.8% (N = 16) of marks observed as 
being symmetrical and 93.8% of all marks (N = 258) being asymmetrical, with a single mark 
(0.4%; at 360 minutes) deteriorated to the point of being non-diagnostic (Table 5.7). As has 
been previously discussed, the cause of change in mark symmetry is likely due to differential 
deterioration of the bone surface. 
5.4.5. Shoulder effect 
Shoulder effects were present in 100% of cases prior to treatment, indicating that observable 
shallow striae ran alongside or across every main groove (Table 5.7). After laundry liquid 
boiling, the incidence of shoulder striae decreased to a 60.4% (N = 166) total presence. After 
15 minutes of treatment, the presence of shoulder effect decreased from 100% (N = 30) to 
46.7% (N = 14); while after 120 minutes the presence decreased to 76.7% (N = 23) and after 
360 minutes shoulder effect dropped to 53.3% (N = 16).  
5.4.6. Flaking on the shoulder 
The presence of flaking on the shoulder of the main groove has already proven to be 
adversely affected by tap water boiling, prolonged simmering, and laundry powder boiling. It 
is, therefore, unsurprising that the presence of shoulder flaking is also significantly affected 
by laundry liquid boiling. Prior to treatment, 100% of all cases (N = 275) presented with 
flaking on the shoulder, compared to just 29.1% (N = 80) after treatment, while the frequency 
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of marks that did not display flaking rose significantly from 0% to 70.9% (N = 195; Table 
5.7).  
5.4.7. Presence of internal microstriations 
Internal microstriations were present in 100% of cases (N = 275) before boiling treatment and 
dropped to 81.5% after treatment (N = 224; Table 5.7). The presence of internal 
microstriations decreased the most at 30 and 60 minutes, with a decrease from 100% (N = 30) 
across both assemblages before treatment to 33.3% (N = 10) after 30 minutes of treatment 
and 56.7% (N = 17) after 60 minutes. After 240 minutes of treatment, however, only one 
mark (3.3%) had no observable internal microstriations present.  
5.4.8. Microstriation trajectory 
Continuous internal microstriations—those without interruptions—were present on 99.3% of 
all marks (N = 273) prior to laundry liquid boiling, yet only 2.2% (N = 6) were present after 
cleaning treatment. The inverse is found with the discontinuous trajectories with 0.7% of the 
assemblage (N = 2) present before treatment and increasing to 79.3% (N = 218) after 
treatment. As with the previous feature, 18.5% (N = 51) of internal microstriations are absent 
after treatment (Table 5.7).  
5.4.9. Microstriation shape 
Straight internal microstriations dominated the assemblage prior to laundry liquid boiling 
with 82.2% (N = 226) presenting with this feature and 17.8% (N = 49) displaying irregular 
internal microstriations (Table 5.7). This then shifts significantly after treatment with only 
0.4% of the assemblage (N = 1) displaying straight trajectories and irregular trajectories 
making up 81.1% (N = 223) of the assemblage. This increase in irregular internal trajectories 
is likely influenced by the increased incidence of discontinuous trajectories after treatment.  
5.4.10. Microstriation location 
Following the results of the previous experiments, there were no microstriations observed on 
the walls alone, 34.5% (N = 95) of internal microstriations were present solely on the base, 
whereas internal microstriations were present on both the walls and base of 65.5% of grooves 
before treatment (N = 180; Table 5.7). After treatment, there was a slight increase to the 
presence of microstriations on the walls only to 8% (N = 22), as well as a slight increase in 
the presence of microstriations on only the base of grooves to 41.5% (N = 114). This increase 
in the presence of microstriations on either walls or base is associated with the decrease in the 
presence of microstriations on both the walls and base of grooves to 32% (N = 88). As with 
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the previous three subsections, microstriations were completely removed after treatment in 
18.5% (N = 51) of the total assemblage.  
5.4.11. Metric variables 
As with the preceding thermal experiments, Wilcoxon signed-rank tests for equal medians 
were performed on the assemblages from each time interval. Laundry liquid boiling appears 
to affect median mark lengths after treatment to a degree that is significantly different from 
zero across all time intervals with the exception of the final 360-minute period (Table 5.8). 
Laundry liquid boiling, in addition to the previous treatment types, is also associated with 
marked shifts in the frequencies of qualitative morphological traits after treatment, several of 
which become more pronounced as boiling time increases. Substantial variation in mark 
length was observed after processing (Figure 5.8; Table 5.8); however, significant variation 
in the magnitude of change as a function of boiling time was not observed (Kruskal-Wallis: H 
= 10.38; p = 0.2395).  
Table 5.8 Wilcoxon and paired t-tests for each time interval measuring the difference in median lengths before and after 
laundry liquid boiling. Significant values in bold. 
Time interval N Median (mm) Wilcoxon statistic (W) p-value 
15 minutes 30 Before: 26.25 After: 24.85 349 0.01 
30 minutes 30 Before: 19.25 After: 17.91 370 0.01 
60 minutes 30 Before: 25.18 After: 22.44 357 0.01 
90 minutes 30 Before: 27.10 After: 22.54 413 <0.01 
120 minutes 30 Before: 28.70 After: 26.09 398 <0.01 
180 minutes 35 Before: 28.76 After: 24.99 515 <0.01 
240 minutes 30 Before: 29.02 After: 26.30 365 <0.01 
300 minutes 30 Before: 25.45 After: 22.22 379 <0.01 
360 minutes 30 Before: 21.42 After: 21.73 315 0.09 
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Figure 5.8 Details the changes in cut mark lengths (Before – After) at each time interval for laundry liquid boiling 
experiments. Changes are shown as absolute values in mm. 
5.5. MACERATION 
Figure 5.9 provides clear qualitative evidence of drastic changes to the bone surface and the 
modification itself. The change in cold-water maceration is plainly seen where the small 
uplifting of bone is not evident after maceration. The flaking around the shoulder of Mark 2 
is also absent, as are many indicators of internal microstriations. The same is true of Mark 16 
in the warm-water maceration sample. The hot-water maceration Mark 9 (Figure 5.9) is much 
reduced in size and shape post-maceration. Table 5.9 shows substantial variation in cut mark 
morphologies before and after cold, warm, and hot water maceration. While there is a 
reduction in the incidence and extent of shoulder flaking and the presence of internal 
microstriations across the three maceration processes, it is not as severe in the hot water 
maceration assemblage.  
5.5.1. Mark trajectory 
Maceration, while not involving the same type of agitation as the boiling and simmering 
experiments, also altered mark trajectory. Before maceration, 83.5% of the assemblage (N = 
96) were classified as having a straight trajectory, with curvy trajectories making up 15.6% 
(N = 18) and sinuous only 0.9% (N = 1; Table 5.9). After treatment, there was a significant 
decrease in the presence of straight trajectories with zero marks appearing straight. This is 
coupled with an increase in the presence of curvy trajectories to 20.9% (N = 24) and of 
sinuous trajectories to 79.1% (N = 91). The maceration processes did not remove features to 
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the same extent (i.e. become non-diagnostic) as the previous boiling and simmering 
treatments. 
5.5.2. Presence of a barb 
Barbs were present in 100% (N = 115) of the assemblage prior to treatment; however, after 
maceration in cold, warm, and hot water only 8.7% (N = 10) of barbs were present. Cold 
water maceration affected 75% of the assemblage with just 25% (N = 10) of the assemblage 
presenting with a barb alongside the main groove after treatment (Table 5.9), whereas warm 
and hot water maceration completely removed the feature. These results indicate that even 
without active agitation from the boiling and simmering water, barbs do not survive well 
through water based cleaning treatments.  
5.5.3. Mark shape 
Much like the boiling and simmering treatments, maceration saw discernible shifts in groove 
shape from 53% (N = 61) narrow V-shaped before treatment to just 19.1% (N = 22) after 
treatment. Similarly, wide V-shaped grooves increased from 47% (N = 54) to 80.9% after 
treatment (N = 93; Table 5.9). Cold water maceration displayed the greatest decrease in the 
presence of narrow V-shaped grooves from 50% (N = 20) before treatment to 0% after 
treatment. Warm water maceration also showed a large decrease with narrow V grooves 
observed on 54.3% (N = 19) of the assemblage before treatment compared to just 17.1% after 
treatment, whereas hot water maceration provided the least change in narrow V-shaped 
grooves with 55% present (N = 22) before treatment and 40% present (N = 18) after 
treatment. This shift to wider V-shaped grooves is likely due to deterioration of the bone 
surface, although there was no agitation or additives used in the maceration processes. It is 
possible, however, that this deterioration of the bone surface may be correlated with the 
length of time the bones were submerged in the water, rather than active agitation of the 
water and bone fragments, as the bones may soften after 48 hours of submersion.  
5.5.4. Mark symmetry 
Before maceration treatments, 81.7% of the assemblages (N = 94) were symmetrical 
compared to just 12.2% after treatment (N = 14; Table 5.9). The same deterioration of bone 
that saw a decrease in narrow V-shape grooves for wide V-shaped grooves could help explain 
the significant shift in mark symmetry after treatment. 
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Figure 5.9 Results of maceration experiment 5a-C-6 before and after cold water maceration (24°C); 5a-E-9 before and after 
warm water maceration (35°C); 6-A-14 before and after hot water maceration (70°C). Scale bar = 1mm. 
5.5.5. Shoulder effect 
Shoulder effects were present on 100% of the total assemblage (N = 115) prior to treatment; 
however, like the previous boiling and simmering treatments, the presence of shoulder effects 
decrease after treatment to 40.9% (N = 47; Table 5.9). Cold water maceration shows the least 
amount of change after treatment with shoulder effect decreasing to 70% present (N = 28), 
whereas the warm water assemblage reduces to 25.7% (N = 9) and the hot water assemblage 
decreases to 25% (N = 10). 
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Table 5.9 The frequency of cut-mark traits before and after treatment by cold, warm, and hot water maceration. Percentages 
shown in parentheses. 
 Total (N = 115) Cold (N = 40) Warm (N = 35) Hot (N = 40) 
Trait Before After Before After Before After Before After 
Groove trajectory 
Straight 96 0 32 (80) 0 32 (91.4) 0 32 (80) 0 
Curvy 18 24 8 (20) 9 (22.5) 3 (8.6) 9 (25.7) 7 (17.5) 6 (15) 
Sinuous 1 91 0 31 (77.5) 0 26 (74.3) 1 (2.5) 34 (85) 
Unknown 0 0 0 0 0 0 0 0 
Barb 
Present 115 10 40 (100) 10 (25) 35 (100) 0 40 (100) 0 
Absent 0 105 0 30 (75) 0 35 (100) 0 40 (100) 
Groove shape 
Narrow V 61 22 20 (50) 0 19 (54.3) 6 (17.1) 22 (55) 16 (40) 
Wide \_/ 54 93 20 (50) 40 (100) 16 (45.7) 29 (82.9) 18 (45) 24 (60) 
Unknown 0 0 0 0 0 0 0 0 
Symmetry 
Symmetrical 94 14 35 (87.5) 3 (7.5) 29 (82.9) 8 (22.9) 30 (75) 3 (7.5) 
Asymmetrical 21 101 5 (12.5) 37 (92.5) 6 (17.1) 27 (77.1) 10 (25) 37 (92.5) 
Unknown 0 0 0 0 0 0 0 0 
Shoulder effect 
Present 115 47 40 (100) 28 (70) 35 (100) 9 (25.7) 40 (100) 10 (25) 
Absent 0 68 0 12 (30) 0 26 (74.3) 0 30 (75) 
Flaking on shoulder 
Present 115 31 40 (100) 17 (42.5) 35 (100) 14 (40) 40 (100) 0 
Absent 0 84 0 23 (57.5) 0 21 (60) 0 40 (100) 
Internal microstriations 
Present 115 99 40 (100) 37 (92.5) 35 (100) 34 (97.1) 40 (100) 28 (70) 
Absent 0 16 0 3 (7.5) 0 1 (2.9) 0 12 (30) 
Microstriation trajectory 
Continuous 115 34 40 (100) 32 (80) 35 (100) 2 (5.7) 40 (100) 0 
Discontinuous 0 65 0 5 (12.5) 0 32 (91.4) 0 28 (70) 
Absent 0 16 0 3 (7.5) 0 1 (2.9) 0 12 (30) 
Shape of microstriation trajectory 
Straight 98 0 33 (82.5) 0 33 (94.3) 0 32 (80) 0 
Irregular 17 99 7 (17.5) 37 (92.5) 2 (5.7) 34 (97.1) 8 (20) 28 (70) 
Absent 0 16 0 3 (7.5) 0 1 (2.9) 0 12 (30) 
Location of microstriations 
Walls 0 4 0 0 0 3 (8.6) 0 1 (2.5) 
Bottom 33 34 14 (35) 10 (25) 3 (8.6) 7 (20) 16 (40) 17 (42.5) 
Both 82 61 26 (65) 27 (67.5) 32 (91.4) 24 (68.5) 24 (60) 10 (25) 
Absent 0 16 0 3 (7.5) 0 1 (2.9) 0 12 (30) 
         
5.5.6. Flaking on the shoulder 
Flaking was present in 100% of the maceration population (N = 115) before treatment. After 
maceration, the frequency of flaking reduced significantly to 27% (N = 31), while flaking 
was completely removed from the mark in 73% (N = 84) of all cases (Table 5.9). Of the three 
maceration treatments, cold water maceration produced the least amount of change in the 
presence of flaking with 42.5% (N = 17) retaining flaking compared to warm water with 40% 
(N = 14) and hot water with 0% of marks retaining flaking (Table 5.9). Across the three 
macerated assemblages, the complete removal of shoulder flaking after treatment dominated 
the samples with 57.5% of the cold water (N = 23), 60% of the warm water (N = 21), and 
100% of the hot water assemblage (N = 40) losing this feature (Table 5.9).  
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5.5.7. Presence of internal microstriations 
The presence of internal microstriations, prior to maceration amounted to 100% of the total 
assemblage (N = 115), which decreased slightly to 86.1% after treatment (N = 99; Table 5.9). 
Hot water maceration decreased from 100% (N = 40) to 70% (N = 28) in the presence of 
internal microstriations, whereas cold water and warm water maceration treatments both 
decreased to 92.5% (N = 37) and 97.1% (N = 34), respectively (Table 5.9).  
5.5.8. Microstriation trajectory 
Continuous internal microstriations occurred on 100% of the total assemblage (N = 115) 
before maceration; however, after treatment the incidence of continuous internal 
microstriations decreased to 29.6% (N = 34; Table 5.9). After treatment, continuous 
microstriation trajectories are present in 80% (N = 65) of the cold water assemblage; whereas 
warm and hot water maceration show substantial shifts in continuous microstriation with only 
5.7% (N = 2) of the warm water assemblage and 0% of the hot water assemblage retaining 
continuous internal trajectories (Table 5.9). These results indicate that warm and hot water 
maceration, while thought to be a more gentle treatment (Yin et al. 2010), affects internal 
microstriation morphology to a similar extent as the boiling and simmering treatments. 
5.5.9. Microstriation shape 
Straight microstriations are another indication of butchery cut marks, which are present on 
85.2% (N = 98) of the macerated assemblage prior to treatment (Table 5.9). The process of 
maceration removed all evidence of straight internal microstriations from the three treatment 
types. There is an increase in irregular microstriations from 14.8% (N = 17) to 86.1% (N = 
99), as well as an increase in absent internal microstriations to 13.9% (N = 16). Cold water 
maceration shows a decrease in straight microstriations after treatment from 82.5% (N = 33) 
to 0%, which is coupled with an increase in the presence of irregular trajectories from 17.5% 
(N = 7) to 92.5% (N = 37) and in absent trajectories to 7.5% (N = 3; Table 5.9). Similarly, 
warm water maceration decreased in the appearance of straight trajectories from 94.3% (N = 
33) to 0%, with increases in irregular microstriation trajectories from 5.7% (N = 2) to 97.1% 
(N = 34) and in absent trajectories to 2.9% (N = 1). Hot water maceration also shows a 
decrease in the presence of straight microstriation trajectories from 80% (N = 32) to 20% (N 
= 8) after treatment, which corresponds to an increase in the appearance of irregular 
trajectories from 20% (N = 8) to 70% (N = 28), as well as the highest increase in absent 
microstriation trajectories at 30% (N = 12; Table 5.9).  
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5.5.10. Microstriation location 
Prior to maceration, internal microstriations were observed on both the base and walls on 
71.3% of grooves (N = 82) and 28.7% of groove bases only (N = 33). After maceration, the 
presence of internal microstriations on both the walls and bases of grooves decreased to 53% 
of grooves (N = 61) and microstriations located on the bases only increased slightly to 29.6% 
(N = 34). The presence of internal microstriations on the walls only increased to 3.5% (N = 
4), and the complete removal of internal microstriations was observed in 13.9% of cases (N = 
16; Table 5.9). Cold water maceration shows a decrease in microstriations present on the 
bottom of grooves only from 35% (N = 14) to 25% (N = 10), the converse of which is 
observed in an increase in microstriations on both the walls and bases from 65% (N = 26) to 
67.5% (N = 27) and an increase in absent microstriations to 7.5% (N = 3; Table 5.9). Warm 
water maceration produced a decrease in microstriations on both walls and bases from 91.4% 
(N = 32) to 68.5% (N = 24) and correlates to an increase of 8.6% (N = 3) in the appearance of 
internal microstriations located on the walls only and an 11.4% in the appearance of internal 
microstriations located on the bottom of the groove only. As seen previously with internal 
microstriation traits, hot water maceration produces a high degree of microstriation 
modification. There is a decrease in the appearance of internal microstriations on both the 
walls and groove bottoms from 60% (N = 24) to 25% (N = 10), which correlates to an 
increase in the presence of microstriations on the walls only from 40% (N = 16) to 42.5% (N 
= 17) and bases only to 2.5% (N = 1; Table 5.9). As previously discussed, 30% (N = 12) of 
the internal microstriations were absent in the hot water assemblage after treatment. The 
damage that hot water maceration produces on internal microstriations is akin to the results 
garnered from the boiling and simmering treatments, indicating that hot water maceration 
should not be used as a cleaning treatment for BSMs that require internal traits and 
morphology for differentiation.  
5.5.11. Metric variables 
As with previous treatments, substantial variation is observed in overall cut-mark length 
before and after maceration (Figure 5.9), which includes marks that appear both longer and 
shorter (Figure 5.10). The Wilcoxon tests for equal medians shows that cold and hot water 
maceration have medians that are significantly different before versus after treatment (Table 
5.10). Additionally, a Kruskal-Wallis test shows that median mark lengths differ significantly 
between sample medians (H = 11.85; p <0.01). 
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Table 5.10 Wilcoxon tests for each time interval measuring the difference in median lengths before and after maceration. 
Significant values in bold. 
Maceration N Median (mm) Wilcoxon statistic (W) p-value 
Cold Water 40 Before: 18.99 After: 19.25 566 0.04 
Warm Water 35 Before: 21.49 After: 20.06 434 0.05 
Hot Water 40 Before: 25.65 After: 27.25 581 0.02 
 
Figure 5.10 Details the changes in cut mark lengths (Before – After) for each maceration experiment. Changes are shown as 
absolute values in mm. 
5.6. SUMMARY 
 Looking at the total effect of the different treatment types, it is clear that certain BSM traits 
are influenced to greater degrees by treatment type. Straight groove trajectories were 
significantly different across the treatment types (χ² = 132.15; p < 0.01), with the feature 
significantly over-represented compared to expected values after tap water boiling, and 
significantly under-represented after prolonged simmering and laundry liquid boiling (Table 
5.11). Curvy mark trajectories were also significantly different after treatment (χ² = 31.87; p 
< 0.01), with the feature significantly over-represented after tap water and laundry powder 
boiling, and significantly under-represented after prolonged simmering and laundry liquid 
boiling. Interestingly, the three maceration treatments do not significantly influence groove 
trajectory. Both the presence (χ² = 95.47; p < 0.01) and the absence (χ² = 91.79; p < 0.01) of 
barbs were significantly different between the before and after assemblages of the treatment 
types. Observed values of barb presence were significantly over-represented (compared to 
expected values) after tap water boiling and cold water macerations, while significantly 
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under-represented after prolonged simmering and laundry liquid boiling. Barb absence was 
significantly over-represented after prolonged simmering and laundry liquid boiling, and 
significantly under-represented after tap water boiling (Table 5.11). Wide V-shaped grooves 
showed a significant difference in frequency after treatment (χ² = 51.61; p < 0.01), with the 
feature significantly over-represented after laundry powder and liquid boiling, and 
significantly under-represented after tap water boiling and hot water maceration (Table 5.11). 
Treatment type also affected mark symmetry, with symmetrical (χ² = 107.87; p < 0.01) and 
asymmetrical (χ² = 229.84; p < 0.01) grooves significantly different after treatment. 
Symmetrical grooves were significantly over-represented after tap water and laundry powder 
boiling, while significantly under-represented after prolonged simmering and laundry liquid 
boiling; for asymmetrical grooves, the inverse is true (Table 5.11). Similarly, the presence of 
shoulder effect was also significantly different after treatment (χ² = 69.11; p < 0.01), with the 
feature significantly over-represented after prolonged simmering, laundry liquid boiling, and 
cold water maceration, and significantly under-represented after tap water and laundry 
powder boiling (Table 5.11). The presence of shoulder flaking was significantly different 
after treatment (χ² = 94.10; p < 0.01), with the feature significantly over-represented after tap 
water boiling and simmering, and significantly under-represented after laundry powder 
boiling and hot water maceration (Table 5.11). Continuous (χ² = 202.91; p < 0.01) and 
discontinuous (χ² =128.20; p < 0.01) internal microstriation trajectories were found to be 
significantly different after treatment. Continuous internal microstriation trajectories were 
significantly over-represented after cold water maceration, and significantly under-
represented after prolonger simmering and laundry liquid boiling. Discontinuous trajectories 
were significantly over-represented after prolonged simmering and laundry powder and liquid 
boiling, while significantly under-represented after tap water boiling (Table 5.11). The 
frequency of straight internal microstriations was significantly different after treatment (χ² 
=358.02; p < 0.01), with straight microstriations significantly over-represented after tap water 
boiling, and significantly under-represented after all other treatment types. Irregular internal 
microstriation frequencies was also significantly different after treatment (χ² =118.63; p < 
0.01), with the feature significantly over-represented after laundry powder and liquid boiling 
and warm water maceration, while significantly under-represented after tap water boiling 
(Table 5.11). 
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Table 5.11 Chi-square test for change in mark traits between the before and after populations. Adjusted residuals for the after 
populations are shown and indicate the direction of change (positive AR values indicate an increase in observed values 
compared to expected values after treatment, while negatives indicate a decrease after treatment). Significant values in bold. 
   Adjusted residual for (after) 
 χ² p TW PS LP LL CWM WWM HWM 
Groove trajectory        
Straight 132.15 <0.01 11.18 -4.72 -1.32 -4.06 -1.86 -1.86 -1.86 
Curvy 31.87 <0.01 2.23 -3.14 3.55 -3.32 -0.27 1.33 -0.74 
Sinuous 11.73 0.07 -3.12 1.07 0.34 0.98 0.59 0.54 -1.05 
Unknown - - - - - - - - - 
Barb        
Present 95.47 <0.01 6.81 -3.70 -1.90 -3.06 6.10 -1.20 -1.28 
Absent 91.79 <0.01 -9.43 3.06 1.29 3.78 1.12 1.21 1.29 
Groove shape        
Narrow V 14.41 0.25 -0.76 1.06 -0.79 0.22 -2.61 -0.13 2.46 
Wide \_/ 51.61 <0.01 -4.35 1.29 2.97 4.18 -1.83 -1.94 -3.00 
Unknown - - - - - - - - - 
Symmetry        
Symmetrical 107.87 <0.01 8.98 -4.75 2.33 -4.48 -1.11 1.36 -0.83 
Asymmetrical 229.84 <0.01 -12.90 9.15 -2.21 6.90 1.63 0.57 0.16 
Unknown - - - - - - - - - 
Shoulder effect        
Present 69.11 <0.01 -3.46 2.14 -5.47 5.61 2.59 -1.05 -1.20 
Absent 25.18 <0.01 -4.96 1.88 1.36 1.59 0.49 0.73 0.79 
Shoulder flaking        
Present 94.10 <0.01 3.33 4.04 -8.47 0.33 1.47 1.15 -3.39 
Absent 2.22 0.90 -1.09 0.67 -0.61 0.76 0.23 0.22 0.31 
Internal microstriations        
Present 5.20 0.52 -0.82 0.47 -1.46 1.01 0.92 1.08 -0.30 
Absent - - - - - - - - - 
Microstriation trajectory        
Continuous 202.91 <0.01 1.33 -3.72 -1.27 -3.23 13.78 -0.22 -1.66 
Discontinuous 128.20 <0.01 -11.28 4.23 2.33 3.76 0.58 1.48 1.38 
Absent - - - - - - - - - 
Microstriation shape        
Straight 358.02 <0.01 18.92 -6.16 -6.28 -6.21 -2.22 -2.22 -2.18 
Irregular 118.63 <0.01 -10.66 1.37 2.34 2.97 1.38 2.71 0.35 
Absent - - - - - - - - - 
Microstriation location        
Walls - - - - - - - - - 
Bottom 12.08 0.06 1.90 -1.46 -1.78 1.88 -0.72 1.34 0.30 
Both 10.61 0.10 -0.38 1.30 -1.13 -1.20 2.32 1.10 -0.81 
Absent - - - - - - - - - 
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6. MECHANICAL BUTCHERY EXPERIMENTS: RESULTS AND ANALYSIS 
6.1 PERCUSSION EXPERIMENTS 
The percussive experiments used mechanically modified bones (MB) 1-27. Table 6.1 details 
the parameters and results for each experiment. It is important to note that percussion marks 
were not observed when the bones were set to Bone Angle 45°—i.e. MB 7-9, 16-18, and 25-
27—as the mechanical arm glanced off the bone due to the angle of the bone. Statistical 
significance is set to p ≤ 0.01 to reduce Type I errors arising from the numerous tests 
provided here. This chapter will answer research question 2: How is butchery mark 
morphology affected when force, velocity, and angle are controlled mechanically?  
Angle 
The angle of the impact was controlled by locking the industrial vice grip—and bone 
platform—to a set angle of either 0°, 22.5°, or 45°. This allowed a percussive strike to hit the 
bone at 90° (perpendicular), 67.5°, or 45°. When the angle of the impact was held at 90°, 
compaction was identified in 31.1% (N = 14; Figure 6.1) of primary percussion mark types, 
followed by microstriation patches at 22.2% (N = 10), and delamination at 15.6% (N = 7), 
with 8.9% (N = 4) of marks presenting as percussion pits (Table 6.2; Figure 6.2). With the 
impact angle held at 67.5°, 30.4% (N = 14) of the assemblage displayed compaction damage 
as the primary percussion mark type, with 26.1% (N = 12) showing crushing damage. 
Microstriation patches were found on 23.9% (N = 11), 8.7% (N = 4) were identified as 
percussion pits, with delamination observed on 6.5% (N =3), and 4.3% (N = 2) of the 
assemblage was identified as percussion grooves (Figure 6.3). When comparing mark types 
produced by different angles (90 degrees versus 67.5 degrees), a chi-square test indicates no 
significant difference between the assemblages in primary percussion mark types (χ² = 10.97, 
p = 0.20; Table 6.2). At 90°, crushing damage dominated the assemblage as the secondary 
percussion mark type at 46.7% (N = 21), followed by delamination at 17.8% (N = 8) and 
compaction at 11.1% (N = 5). Three marks (6.7%) did not exhibit secondary percussion 
marks. While at 67.5°, secondary percussion damage was dominated by crushing damage 
with 45.7% (N = 21) of the assemblage displaying this feature. Compaction made up 21.7% 
(N = 10) of secondary damage, with microstriation patches and delamination both equalling 
10.9% (N = 5), and percussion pits and gouges totalling 6.5% (N = 3) and 4.3% (N = 2), 
respectively. There was no significant difference in secondary percussion mark types for 
marks produced at different angles (χ² = 7.46, p = 0.38).  
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Table 6.1 Summary of BONES percussive experiment parameters and results.  
Bone 
# 
Arm 
Position 
Arm 
Length 
(m) 
Bone 
Angle 
(°) 
Weight 
(kg) 
Drop 
Height 
Position 
Drop 
Height 
(m) 
Arm 
Angle of 
Drop (°) 
Acceleration 
(m/s/s) 
Force 
(N) Result 
MB1 1 1 90 10.255 1 1.147 70 3890.99 39902.11 Cracked - mid-shaft x7 fragments 
MB2 1 1 90 10.255 2 0.765 45 4199.96 43070.56 Split into proximal and distal halves 
MB3 1 1 90 10.255 3 0.347 20 1823.46 18699.58 Split into proximal and distal halves 
MB4 1 1 67.5 10.255 1 1.147 70 4934.79 50606.34 Glancing blow - 2nd impact obliterated mid-shaft x18 fragments 
MB5 1 1 67.5 10.255 2 0.765 45 4734.57 48553.02 Glancing blow - 2nd impact split into proximal and distal halves 
MB6 1 1 67.5 10.255 3 0.347 20 3095.83 31747.69 Glancing blow - 2nd impact split into proximal and distal halves 
MB7 1 1 45 10.255 1 1.147 70 N/A N/A Glancing blow - no measurable mark after 4 attempts  
MB8 1 1 45 10.255 2 0.765 45 N/A N/A Glancing blow - no measurable mark after 4 attempts 
MB9 1 1 45 10.255 3 0.347 20 N/A N/A Glancing blow - no measurable mark after 4 attempts 
MB10 3 0.75 90 8.805 1 0.860 70 3452.92 30402.93 Cracked - mid-shaft x7 fragments 
MB11 3 0.75 90 8.805 2 0.574 45 688.88 6065.59 Glancing blow - 2nd impact split into proximal and distal halves 
MB12 3 0.75 90 8.805 3 0.261 20 376.45 3314.65 Crushing impact (no break) mid-shaft hole 
MB13 3 0.75 67.5 8.805 1 0.860 70 409.05 3601.68 Cracked – proximal epiphysis and metaphysis intact;  distally obliterated x16 fragments 
MB14 3 0.75 67.5 8.805 2 0.574 45 3177.83 27980.75 Split into proximal and distal halves 
MB15 3 0.75 67.5 8.805 3 0.261 20 249.01 2192.49 Crushing impact (no break) mid-shaft hole 
MB16 3 0.75 45 8.805 1 0.860 70 N/A N/A Glancing blow - no measurable mark after 4 attempts 
MB17 3 0.75 45 8.805 2 0.574 45 N/A N/A Glancing blow - no measurable mark after 4 attempts 
MB18 3 0.75 45 8.805 3 0.261 20 N/A N/A Glancing blow - no measurable mark after 4 attempts 
MB19 5 0.5 90 8.03 1 0.574 70 3347.34 26879.11 Glancing blow – 2nd impact distal epiphysis and metaphysis  intact; proximally obliterated x8 fragments 
MB20 5 0.5 90 8.03 2 0.383 45 2737.04 21978.46 Split into proximal and distal halves 
MB21 5 0.5 90 8.03 3 0.174 20 1367.55 10981.46 Crushing impact (no break) mid-shaft hole 
MB22 5 0.5 67.5 8.03 1 0.574 70 2817.86 22627.38 Cracked – mid-shaft x3 fragments 
MB23 5 0.5 67.5 8.03 2 0.383 45 2142.54 17204.62 split into proximal and distal halves with 1x small fragment 
MB24 5 0.5 67.5 8.03 3 0.174 20 216.41 1737.76 Crushing impact (no break) mid-shaft hole 
MB25 5 0.5 45 8.03 1 0.574 70 N/A N/A Glancing blow - no measurable mark after 4 attempts 
MB26 5 0.5 45 8.03 2 0.383 45 N/A N/A Glancing blow - no measurable mark after 4 attempts 
MB27 5 0.5 45 8.03 3 0.174 20 N/A N/A Glancing blow - no measurable mark after 4 attempts 
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Figure 6.1 Example of striae fields extending out of a compacted mark along a longitudinal crack. 
 
Figure 6.2 Example of a percussion pit with an interior percussion groove (arrows) and internal microstriations (red circle). 
 
Figure 6.3 Example of a percussion groove (arrow) with compaction to the right of the mark 
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In the 90° assemblage, microstriation patches and bone delamination was identified on 17.8% 
(N = 8) of the assemblage as tertiary percussion marks, with crushing observed on 13.3% (N 
= 6); additionally, 33.3% (N = 15) of the assemblage did not exhibit tertiary percussion 
marks. At 67.5°, most of the assemblage displayed some form of tertiary percussion damage, 
with 23.9% (N = 1) of the assemblage presenting microstriation patches, delamination and 
compaction on 15.2% (N = 7), and percussion pits and crushing damage occurring on 2.2% 
(N = 1) of the assemblage (Table 6.2). Tertiary percussion damage did not occur on 41.3% of 
marks (N = 19) from the 67.5° assemblage. There was no significant difference between the 
90° and 67.5° assemblages in tertiary percussion mark types (χ² = 6.92, p = 0.33). 
The location of the percussion marks for the 90° assemblage were found primarily along the 
fracture edges with 44.4% (N = 20) of the assemblage found there, 26.7% were located at a 
longitudinal crack in the bone surface, and 22.2% of percussion marks (N = 10) were isolated 
(Table 6.2). Similar to the 90° assemblage, microstriations from the 67.5° assemblage were 
primarily located both inside and outside the percussion marks, with 65.2% (N = 30) of the 
assemblage occurring there, 17.4% (N = 8) occurring inside the mark only, and 8.7% (N = 4) 
both emanating from within the mark and absent from the marks. Lastly, microstriations in 
the 90° assemblage were located mainly inside and outside the mark with 53.3% (N = 24), 
followed by 22.2% (N = 10) located inside only, 13.3% (N = 6) observed as emanating out 
from the marks, 8.9% (N = 4) of marks without observed microstriations, and just 2.2% (N = 
1) of marks with microstriations outside the mark only. In the 67.5° assemblage, the location 
of the main marks were observed on fracture edges, with 63% (N = 29) of the assemblage 
occurring there, while 19.6% (N = 9) occurred in isolation, and 13% (N = 6) located at a 
longitudinal crack in the bone (Table 6.2). There is no significant difference in the location of 
microstriations (χ² = 2.28, p = 0.69) or in the location of the main mark (χ² = 3.90, p = 0.27).  
The controlled 45° impact angle assemblage is the smallest of the three as the angle was too 
sheer for the impact head to grip. This resulted in the primary percussion damage being 
microstriation patches, which occurred on 100% of the assemblage (N = 9), with crushing 
(100%; N = 9) and delamination (100%; N = 9) constituting secondary and tertiary damage, 
respectively (Table 6.2). Bruising was observed on 100% of the assemblage and all of the 
marks were located on isolated areas of the bone with microstriations occurring both inside 
and outside the impact area. Due to the inability to properly impact the bone surface after 
three repeating strikes, which resulted in a small sample size that is not comparable to the 90° 
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(N = 45) and 67.5° (N = 46) assemblages, this assemblage was not included in the 
comparison of the 90° and 67.5° assemblages.  
Table 6.2 Frequency of percussion marks when impact angle is controlled (angle of bone surface to the percussive strike) 
separated by drop heights (DH). 
   90° 67.5° 45° 
 Total % Total % AR Total % AR Total % 
Location of microstriations (χ² = 2.28, p = 0.69)         
Inside only 18 18.0 10 22.2 0.58 8 17.4 -0.58 0 0.0 
Outside only 1 1.0 1 2.2 1.02 0 0.0 -1.02 0 0.0 
Emanating 10 10.0 6 13.3 0.71 4 8.7 -0.71 0 0.0 
Inside and outside 63 63.0 24 53.3 -1.15 30 65.2 1.15 9 100 
Absent 8 8.0 4 8.9 0.03 4 8.7 -0.03 0 0.0 
Location of main mark (χ² = 3.90, p = 0.27)         
Fracture edge 49 49.0 20 44.4 -1.78 29 63.0 1.78 0 0.0 
At crack 18 18.0 12 26.7 1.63 6 13.0 -1.63 0 0.0 
In notch 5 5.0 3 6.7 0.49 2 4.3 -0.49 0 0.0 
Isolated 28 28.0 10 22.2 0.31 9 19.6 -0.31 9 100 
Main mark type – primary (χ² = 10.97, p = 0.20)         
Pit 8 8.0 4 8.9 0.03 4 8.7 -0.03 0 0.0 
Gouge 1 1.0 1 2.2 1.02 0 0.0 -1.02 0 0.0 
Divot 1 1.0 1 2.2 1.02 0 0.0 -1.02 0 0.0 
Percussion groove 3 3.0 1 2.2 -0.57 2 4.3 0.57 0 0.0 
Microstriation patch 30 30.0 10 22.2 -0.19 11 23.9 0.19 9 100 
Crushing 16 16.0 4 8.9 -2.16 12 26.1 2.16 0 0.0 
Delamination 10 10.0 7 15.6 1.38 3 6.5 -1.38 0 0.0 
Displacement 3 3.0 3 6.7 1.78 0 0.0 -1.78 0 0.0 
Compaction 28 28.0 14 31.1 0.07 14 30.4 -0.07 0 0.0 
Main mark type - secondary (χ² = 7.46 p = 0.38)         
Pit 4 4.0 1 2.2 -1.00 3 6.5 1.00 0 0.0 
Gouge 4 4.0 2 4.4 0.02 2 4.3 -0.02 0 0.0 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 
Percussion groove 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 
Microstriation patch 9 9.0 4 8.9 -0.32 5 10.9 0.32 0 0.0 
Crushing 51 51.0 21 46.7 0.10 21 45.7 -0.10 9 100 
Delamination 13 13.0 8 17.8 0.94 5 10.9 -0.94 0 0.0 
Displacement 1 1.0 1 2.2 1.02 0 0.0 -1.02 0 0.0 
Compaction 15 15.0 5 11.1 -1.37 10 21.7 1.37 0 0.0 
N/A 3 3.0 3 6.7 1.78 0 0.0 -1.78 0 0.0 
Main mark type – tertiary (χ² = 6.92, p = 0.38)         
Pit 2 2.0 1 2.2 0.02 1 2.2 -0.02 0 0.0 
Gouge 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 
Percussion groove 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 
Microstriation patch 19 19.0 8 17.8 -0.72 11 23.9 0.72 0 0.0 
Crushing 7 7.0 6 13.3 2.00 1 2.2 -2.00 0 0.0 
Delamination 24 24.0 8 17.8 0.33 7 15.2 -1.33 9 100 
Displacement 2 2.0 2 4.4 1.45 0 0.0 -1.45 0 0.0 
Compaction 12 12.0 5 11.1 -0.58 7 15.2 0.58 0 0.0 
N/A 34 34.0 15 33.3 -0.79 19 41.3 0.79 0 0.0 
Bruising (χ² = 0, p = 1)         
Present 100 100 45 100 -- 46 100 -- 9 100 
Absent 0 0 0 0 -- 0 0 -- 0 0 
Velocity 
Velocity was controlled through the drop height of the arm, at heights of between 1.147m and 
0.174m from percussive head to bone platform, and recorded via the accelerometer attached 
to the pivot point of the arm (Chapter 4: Figure 13). Controlling the drop height to a three-
quarter drop (Drop Height (DH) 1; maximum: 1.147m) produced primary percussion damage 
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of varying types, 31.1% (N = 14) were identified as microstriation patches, 20% (N = 9) 
showed compaction, and 13.3% (N = 6) showed crushing damage. Percussion pits and 
delamination were present on 11.1% (N = 5) of the assemblage, while percussion grooves 
and bone displacement were observed on 4.4% (N = 2), and gouges and divots made up 2.2% 
(N = 1; Table 6.3). When dropped from half height (DH2; maximum: 0.865m), 33.3% of the 
primary percussion marks (N = 10) were microstriation patches, while 26.7% (N = 8) 
displayed compaction, 23.3% (N = 7) displayed crushing, delamination of bone was found on 
13.3% (N = 4) of the assemblage, and percussion pits were observed on 3.3% (N = 1; Table 
6.3). The assemblage produced by dropping the impact head from DH3 (one-quarter of the 
height; maximum: 0.347m) accounts for 25 marks of the total 100 percussion marks produced 
by BONES. Compaction, as primary percussion damage, was observed on 44% of the 
assemblage (N = 11), with 24% (N = 6) presented as microstriation patches, 12% (N = 3) as 
crushing damage, 8% (N = 2) as percussion pits, and percussion grooves, bone delamination, 
and displacement each occurred on 4% (N = 1) of the assemblage (Table 6.3). When 
comparing mark types produced by different drop heights (DH1 versus DH2 versus DH3), a 
chi-square test indicates no significant difference between the assemblages in primary 
percussion mark types (χ² = 12.91, p = 0.68).  
Secondary percussion mark types in the DH1 assemblage were dominated by crushing 
damage with 44.4% (N = 20), while 15.6% of the assemblage (N = 7) was identified as 
having either delamination or compaction damage. Microstriation patches made up 11.1% (N 
= 5) of the assemblage, while gouges and percussion pits made up only 4.4% (N = 2) and 
2.2% (N = 1), respectively; whereas 6.7% (N = 3) did not show any signs of secondary 
percussion damage (Table 6.3). Of the DH2 assemblage, secondary percussion damage was 
predominantly observed to be crushing, with 50% of the assemblage (N = 15) displaying this 
feature. Both bone delamination and compaction were observed on 16.7% (N = 5) of the 
assemblage, while 6.7% (N = 2) were gouges, and 3.3% (N = 1) of the assemblage was 
identified as either percussion pits, microstriation patches, or bone displacement (Table 6.3). 
Secondary percussion damage in the DH3 assemblage was dominated by crushing damage 
with 64% (N = 16) of the assemblage presenting this feature, with compaction and 
microstriation patches each accounting for 12% (N = 3) of the assemblage, and percussion 
pits on 8% (N = 2). There was no significant difference in secondary percussion mark types 
between the drop heights (χ² = 14.01, p = 0.45). 
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Delamination occurred on 20% (N = 9) of the DH1 assemblage, with 13.3% (N = 6) showed 
compaction, 11.1% (N = 5) showed microstriation patches, and 6.7% (N = 3) displayed 
crushing damage; whereas 48.9% (N = 22) of the assemblage did not display signs of tertiary 
percussion damage (Table 6.3). Of the DH2 assemblage, delamination was identified as 
tertiary percussion damage on 30% (N = 9) of the assemblage, with microstriation patches on 
26.7% (N = 8), compaction on 10% (N = 3), crushing on 6.7% (N = 2), and percussion pits 
and bone displacement each occurring on 3.3% (N = 1) of the assemblage. Six marks (20%) 
did not show signs of tertiary percussion damage. Of the tertiary percussion damage observed 
on the DH3 assemblage, 24% (N = 6) presented as both microstriation patches and bone 
delamination, with an additional 24% (N = 6) of the marks not displaying tertiary percussion 
damage. Crushing damage accounted for 8% (N = 2) of the assemblage, and percussion pits 
and bone displacement each occurred on 4% (N = 1) of the assemblage (Table 6.3). There 
was no significant difference in tertiary percussion mark types between drop heights (χ² = 
12.43, p = 0.41). 
The majority of DH1 percussion marks were located along the fracture edge with 46.7% (N = 
21) of the assemblage. Isolated marks and marks found at longitudinal cracks in the bone 
surface were located on 22.2% (N = 10) and 20% (N = 9) of the assemblage, while 11.1% (N 
= 5) were located within a percussion notch (Table 6.3). Half of the DH2 marks (N = 15) 
were located along the fracture edges, with 33.3% (N = 10) found isolated on the bone 
surface, and the remaining 16.7% (N = 5) found at longitudinal cracks in the bone surface 
(Table 6.3). The location of the main marks in the DH3 assemblage predominantly occurred 
on the fracture edges with 52% (N = 13) of the assemblage located there, 32% (N = 8) 
isolated on the bone surface, and 16% (N = 4) located at cracks in the bone surface. There is 
no significant difference in the location of microstriations when drop height is varied (χ² = 
11.02, p = 0.20). 
Lastly, 53.3% (N = 24) of the microstriations in the DH1 assemblage were observed to occur 
both inside and outside the percussion marks, with 24.4% (N = 11) occurring inside the mark 
only, 8.9% (N = 4) emanating from within the mark, and 2.2% (N = 1) outside the mark only 
(Table 6.3). Five marks (11.1%) of marks did not display associated microstriations. Of the 
DH2 assemblage, microstriations were located inside and outside the mark in 73.3% (N = 22) 
of the assemblage, with 16.7% (N = 5) found emanating from within the mark, 3.3% (N = 1) 
found inside the mark only, and 6.7% (N = 2) of the assemblage with no microstriations 
observed. For the DH3 assemblage, 68% (N = 17) of microstriations were located both inside 
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and outside the marks, with 24% (N = 6) located inside the mark only, and microstriations 
both emanating from within the mark and without microstriations occur on 4% (N = 1) of the 
assemblage (Table 6.3). There is no significant difference in the location of the main mark (χ² 
= 7.38, p = 0.29).  
Table 6.3 Frequency of percussion damage when impact velocity (drop height) is controlled. Chi-square test statistics and 
adjusted residuals (AR) are also reported, with significant values in bold. 
   Drop Height 1 Drop Height 2 Drop Height 3 
 Total % Total % AR Total % AR Total % AR 
Location of microstriations (χ² = 11.02, p = 0.20)          
Inside only 18 18.0 11 24.4 1.52 1 3.3 -2.50 6 24.0 0.90 
Outside only 1 1.0 1 2.2 1.11 0 0.0 -0.66 0 0.0 -0.58 
Emanating 10 10.0 4 8.9 -0.34 5 16.7 1.46 1 4.0 -1.16 
Inside and outside 63 63.0 24 53.3 -1.81 22 73.3 1.40 17 68.0 0.60 
Absent 8 8.0 5 11.1 1.04 2 6.7 -0.32 1 4.0 -0.85 
Location of main mark (χ² = 7.38, p = 0.29)          
Fracture edge 49 49.0 21 46.7 -0.42 15 50.0 0.13 13 52.0 0.35 
At crack 18 18.0 9 20.0 0.48 5 16.7 -0.23 4 16.0 0.30 
In notch 5 5.0 5 11.1 2.54 0 0.0 -1.50 0 0.0 -1.33 
Isolated 28 28.0 10 22.2 -1.16 10 33.3 0.78 8 32.0 0.05 
Main mark type – primary (χ² = 12.91, p = 0.68)          
Pit 8 8.0 5 11.1 1.04 1 3.3 -1.13 2 8.0 0.00 
Gouge 1 1.0 1 2.2 1.11 0 0.0 -0.66 0 0.0 -0.58 
Divot 1 1.0 1 2.2 1.11 0 0.0 -0.66 0 0.0 -0.58 
Percussion groove 3 3.0 2 4.4 0.77 0 0.0 -1.15 1 4.0 0.34 
Microstriation patch 30 30.0 14 31.1 0.22 10 33.3 0.48 6 24.0 -0.76 
Crushing 16 16.0 6 13.3 -0.66 7 23.3 1.31 3 12.0 -0.63 
Delamination 10 10.0 5 11.1 0.34 4 13.3 0.73 1 4.0 -1.16 
Displacement 3 3.0 2 4.4 0.77 0 0.0 -1.15 1 4.0 0.34 
Compaction 28 28.0 9 20.0 -1.61 8 26.7 -0.19 11 44.0 2.06 
Main mark type – secondary (χ² = 14.01, p = 0.45)          
Pit 4 4.0 1 2.2 -0.82 1 3.3 -0.22 2 8.0 1.18 
Gouge 4 4.0 2 4.4 0.21 2 6.7 0.89 0 0.0 -1.18 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Microstriation patch 9 9.0 5 11.1 0.67 1 3.3 -1.30 3 12.0 0.61 
Crushing 51 51.0 20 44.4 -1.19 15 50.0 -0.13 16 64.0 1.50 
Delamination 13 13.0 7 15.6 0.69 5 16.7 0.71 1 4.0 -1.55 
Displacement 1 1.0 0 0.0 -0.91 1 3.3 1.54 0 0.0 -0.58 
Compaction 15 15.0 7 15.6 0.14 5 16.7 0.31 3 12.0 -0.49 
N/A 3 3.0 3 6.7 1.94 0 0.0 -1.15 0 0.0 -1.02 
Main mark type – tertiary (χ² = 12.43, p = 0.41)          
Pit 2 2.0 0 0.0 -1.29 1 3.3 0.62 1 4.0 0.83 
Gouge 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Microstriation patch 19 19.0 5 11.1 -1.82 8 26.7 1.28 6 24.0 0.74 
Crushing 7 7.0 3 6.7 -0.12 2 6.7 -0.09 2 8.0 0.23 
Delamination 24 24.0 9 20.0 -0.85 9 30.0 0.92 6 24.0 0.00 
Displacement 2 2.0 0 0.0 -1.29 1 3.3 0.62 1 4.0 0.83 
Compaction 12 12.0 6 13.3 0.37 3 10.0 -0.40 3 12.0 0.00 
N/A 34 34.0 22 48.9 2.84 6 20.0 -1.94 6 24.0 -1.22 
Bruising (χ² = 0, p = 1)          
Present 100 100 45 100 -- 30 100 -- 25 100 -- 
Absent 0 0 0 0 -- 0 0 -- 0 0 -- 
Force  
Force was controlled by adjusting the length and mass of the swinging arm and impact head 
from Position 1 (P1; 1m and 10.26kg) to Position 5 (P5; 0.5m and 8.03kg). As with the 
velocity, the impact force was recorded through a force load cell between the impact head 
and the arm (Chapter 4: Figure 13). The three different arm positions produced 100 marks. 
With the impact head locked into P1, the majority of the total 41 marks presented as 
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microstriation patches in 29.3% (N = 12), while 26.8% (N =11) showed bone compaction, 
and 19.5% (N = 8) had bone delamination. Percussion pits made up 9.8% of the assemblage 
(N = 4), while crushing and displacement each totalled 4.9% (N = 2), and divots and 
percussion grooves each occurred on 2.4% (N = 1; Table 6.4). When locked into P3 on the 
swinging arm, 36 marks were produced. The primary percussion mark types observed in this 
assemblage were crushing damage at 36.1% (N = 13), microstriation patches at 27.8% (N = 
10), bone compaction at 16.7% (N = 6), percussion pits at 11.1% (N = 4), and gouges, 
delamination, and bone displacement each at 2.8% (N = 1). Twenty-three percussion marks 
were produced with the impact head locked into P5. Of these marks, the primary mark type 
was bone compaction with the feature present on 39.1% (N = 9) of the assemblages, closely 
followed by microstriation patches, which were present on 34.8% (N = 8). Additionally, 
crushing was present on 13% (N = 3) of the assemblage, percussion grooves on 8.7% (N = 2), 
and delamination on 4.3% (N = 1). Using the conservative p = 0.01 cut-off, a chi-square test 
indicates no significant difference in primary percussion marks across the three arm positions 
(χ² = 30.54, p = 0.02; Table 6.4).  
Secondary percussion damage in the P1 assemblage is dominated by crushing damage with 
46.3% (N = 19), followed by bone delamination with 22% (N = 9) of the assemblage, 
displacement and compaction both with 7.3% (N = 3) of the assemblage, pits with 4.9% (N = 
2), and gouges with 2.4% (N = 1). Secondary marks were not observed in 7.3% (N = 3) of the 
P1 assemblage (Table 6.4). The P3 assemblage was also dominated by crushing damage with 
38.9% (N = 14), followed by bone compaction at 19.4% (N = 7), microstriation patches at 
16.7% (N = 6), delamination at 11.1% (N = 4), gouges at 8.3% (N = 3), and percussion pits at 
5.6% (N = 2) of the assemblage. The P5 assemblage was composed of either crushing 
damage, with the feature present on 78.3% (N = 18) of the assemblage, or bone compaction, 
with a presence of 21.7% (N = 5). There is a significant difference in secondary percussion 
damage across the three arm positions (χ² = 30.30, p < 0.01; Table 6.4). Bone delamination, 
displacement, and absent damage are significantly over-represented at high force, 
microstriation patches are significantly over-represented at medium force; whereas crushing 
damage is significantly over-represented at low force, bone delamination is significantly 
under-represented (Table 6.4).  
Tertiary percussion damage in the P1 assemblage was composed of 17.1% (N = 7) 
delamination and compaction, 14.6% (N = 6) microstriation patches, 7.3% (N = 3) crushing, 
and 2.4% (N = 1) displacement. Additional tertiary damage was not observed in 41.5% (N = 
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17) of the P1 assemblage. Bone delamination was found to be the most prominent type of 
tertiary percussion damage, occurring on 27.8% (N = 10) of the P3 assemblage, while 22.2% 
(N = 8) of the P3 assemblage displayed microstriation patches, 11.1% (N = 4) displayed both 
crushing and compaction damage, and 2.8% (N = 1) displayed percussion pits. Additional 
tertiary damage was not observed in 25% (N = 9) of the P3 assemblage (Table 6.4). For the 
P5 assemblage, delamination was present in 30.4% (N = 7), followed by 21.7% (N = 5) 
microstriation patches, and 4.3% (N = 1) of the assemblage displayed percussion pits, 
displacement, and compaction. Tertiary damage was not observed on 34.8% (N = 8) of the P5 
assemblage. There is no significant difference in tertiary percussion damage across the three 
arm positions (χ² = 11.13, p = 0.52).  
Bruising was present on 100% of the total assemblage. In the P1 assemblage, marks were 
located primarily on the fracture edges of the bones, with 48.8% (N = 20) of the total 
assemblage occurring there and 29.3% (N = 12) of marks occurring in isolation on the bone 
surface. Marks in the P3 assemblage were primarily located on the fracture edges (44.4%; N 
= 16), with 30.6% (N = 11) of marks found at bone cracks, 22.2% (N = 8) found isolated on 
the bone surface, and 2.8% (N = 1) found in notches. In the P5 assemblage, the marks were 
located mainly along the fracture edges, with 56.5% (N = 13) of the assemblage found there. 
Marks located isolated on the bone surface comprised 30.4% (N = 7) of the assemblage, and 
13% (N = 3) of marks were located at cracks in the bone surface. There was no significant 
difference in the location of marks across the three arm positions (χ² = 9.47, p = 0.15; Table 
6.4). Additionally, microstriations were predominantly located inside and outside the mark at 
41.5% (N = 17) of the total P1 assemblage, with 26.8% (N = 11) found inside the mark only, 
17.1% (N = 7) were emanating from inside the mark, 12.2% (N = 5) of marks did not show 
microstriations, and 2.4% (N = 1) were observed outside the mark only. In the P3 
assemblage, microstriations were located inside and outside of 77.8% (N = 28) of marks, with 
8.3% (N = 3) found either inside the mark only or completely absent from the marks, and 
5.6% (N = 2) of marks emanated from within the mark. In the P5 assemblage, microstriations 
were located inside and outside the mark in 78.3% (N = 18) of cases, inside the mark only in 
17.4% (N = 4), and emanating from within the mark in 4.3% (N = 1) of the total assemblage. 
There was no significant difference in the location of microstriations across the three arm 
positions (χ² = 16.45, p = 0.04; Table 6.4). The area of percussion marks was measured using 
a polygon tool under microscopy (Table 6.5). 
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Table 6.4 Frequency of percussion damage when impact force (arm position) is controlled. Chi-square test statistics and 
adjusted residuals (AR) are also reported, with significant values in bold. 
   Position 1 (High) Position 3 (Medium) Position 5 (Low) 
 Total  % Total % AR Total % AR Total % AR 
Location of microstriations (χ² = 16.45, p = 0.04)           
Inside only 18 18.0 11 26.8 1.92 3 8.3 -1.89 4 17.4 -0.09 
Outside only 1 1.0 1 2.4 1.21 0 0.0 -0.75 0 0.0 -0.55 
Emanating 10 10.0 7 17.1 1.97 2 5.6 -1.11 1 4.3 -1.03 
Inside and outside 63 63.0 17 41.5 -3.72 28 77.8 2.30 18 78.3 1.73 
Absent 8 8.0 5 12.2 1.29 3 8.3 0.09 0 0.0 -1.61 
Location of main mark (χ² = 9.47, p = 0.15)          
Fracture edge 49 49.0 20 48.8 -0.04 16 44.4 -0.68 13 56.5 0.82 
At crack 18 18.0 4 9.8 -1.79 11 30.6 2.45 3 13.0 -0.71 
In notch 5 5.0 4 9.8 1.82 1 2.8 -0.76 0 0.0 -1.25 
Isolated 28 28.0 13 31.7 0.69 8 22.2 -0.97 7 30.4 0.30 
Main mark type - primary (χ² = 30.54, p = 0.02)          
Pit 8 8.0 4 9.8 0.54 4 11.1 0.86 0 0.0 -1.61 
Gouge 1 1.0 0 0.0 -0.84 1 2.8 1.34 0 0.0 -0.55 
Divot 1 1.0 1 2.4 1.21 0 0.0 -0.75 0 0.0 -0.55 
Percussion groove 3 3.0 1 2.4 -0.27 0 0.0 -1.32 2 8.7 1.82 
Microstriation patch 30 30.0 12 29.3 -0.13 10 27.8 -0.36 8 34.8 0.57 
Crushing 18 18.0 2 4.9 -2.85 13 36.1 3.54 3 13.0 -0.71 
Delamination 10 10.0 8 19.5 2.64 1 2.8 -1.81 1 4.3 -1.03 
Displacement 3 3.0 2 4.9 0.92 1 2.8 -0.10 0 0.0 -0.96 
Compaction 26 26.0 11 26.8 0.16 6 16.7 -1.60 9 39.1 1.64 
Main mark type - secondary (χ² = 30.30, p < 0.01)          
Pit 4 4.0 2 4.9 0.32 2 5.6 0.63 0 0.0 -1.10 
Gouge 4 4.0 1 2.4 -0.71 3 8.3 1.70 0 0.0 -1.10 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Microstriation patch 9 9.0 3 7.3 -0.56 6 16.7 2.06 0 0.0 -1.70 
Crushing 51 51.0 19 46.3 -1.00 14 38.9 -1.66 18 78.3 3.08 
Delamination 13 13.0 9 22.0 2.12 4 11.1 -0.37 0 0.0 -2.08 
Displacement 3 3.0 3 7.3 2.06 0 0.0 -1.30 0 0.0 -0.95 
Compaction 15 15.0 3 7.3 -1.88 7 19.4 1.00 5 21.7 1.08 
N/A 3 3.0 3 7.3 2.06 0 0.0 -1.30 0 0.0 -0.95 
Main mark type - tertiary (χ² = 11.13, p = 0.52)          
Pit 2 2.0 0 0.0 -1.19 1 2.8 0.42 1 4.3 0.92 
Gouge 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Microstriation patch 19 19.0 6 14.6 -0.93 8 22.2 0.62 5 21.7 0.38 
Crushing 7 7.0 3 7.3 0.10 4 11.1 1.21 0 0.0 -1.50 
Delamination 24 24.0 7 17.1 -1.35 10 27.8 0.66 7 30.4 0.82 
Displacement 2 2.0 1 2.4 0.26 0 0.0 -1.07 1 4.3 0.92 
Compaction 12 12.0 7 17.1 1.30 4 11.1 -0.21 1 4.3 -1.29 
N/A 34 34.0 17 41.5 1.31 9 25.0 -1.42 8 34.8 0.09 
Bruising (χ² = 0, p = 1)          
Present 100 100 41 100 -- 36 100 -- 23 100 -- 
Absent 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Table 6.5 Summary statistics for percussion mark area produced by BONES (mm²) 
Minimum 
(mm²) 
Maximum 
(mm²) 
Mean Standard error 
(mm²) 
Standard deviation 
(mm²) 
Median 
(mm²) 
9.71 219.50 59.54 4.14 38.64 53.86 
6.2 CUTTING EXPERIMENTS 
The “cutting” motion experiments used mechanically modified bones (MB) 28-54. Table 6.6 
details the parameters and results for each experiment. For MB28 to MB45 the long-axis of 
the bone was perpendicular to the cutting implement allowing for purposeful cutting and 
slicing actions resulting in ten marks per modified bone. MB46 to MB54 were held with the 
long-axis parallel to the cutting implement for an elongated bone scraping action from 
proximal head to distal head, which only allowed for a single mark per experiment.   
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Table 6.6 Summary of incision experiments by BONES 
Bone 
# Bone Position 
Bone Angle 
(°) 
Weight 
(kg) 
Pull 
Length 
Pull Length 
(m) 
Velocity 
(m/s) 
Acceleration 
(m/s/s) 
Force (N) Location Result 
MB28 Perpendicular 90 10.255  1 0.480 7 102.04 1046.43 anterior 10x V-shaped groove 
MB29 Perpendicular 90 10.255  1 0.480 8 133.33 1367.33 posterior 10x V-shaped groove 
MB30 Perpendicular 90 10.255  1 0.480 7 102.04 1046.43 anterior 10x V-shaped groove 
MB31 Perpendicular 90 10.255  2 0.360 8 177.78 1823.11 posterior 10x V-shaped groove 
MB32 Perpendicular 90 10.255  2 0.360 8 177.78 1823.11 anterior 10x V-shaped groove 
MB33 Perpendicular 90 10.255  2 0.360 7 136.19 1396.60 posterior 10x V-shaped groove 
MB34 Perpendicular 90 10.255  3 0.240 10 416.67 4272.92 anterior 10x V-shaped groove 
MB35 Perpendicular 90 10.255  3 0.240 10 416.67 4272.92 posterior 10x V-shaped groove 
MB36 Perpendicular 90 10.255  3 0.240 8 266.67 2734.67 anterior 10x V-shaped groove 
MB37 Perpendicular 45 10.255  1 0.480 7 102.04 1046.43 posterior 10x slicing groove 
MB38 Perpendicular 45 10.255  1 0.480 7 102.04 1046.43 anterior 10x slicing groove 
MB39 Perpendicular 45 10.255  1 0.480 8 133.33 1367.33 posterior 10x slicing groove 
MB40 Perpendicular 45 10.255  2 0.360 8 177.78 1823.11 anterior 10x slicing groove 
MB41 Perpendicular 45 10.255  2 0.360 8 177.78 1823.11 posterior 10x slicing groove 
MB42 Perpendicular 45 10.255  2 0.360 9 225.00 2307.38 anterior 10x slicing groove 
MB43 Perpendicular 45 10.255  3 0.240 9 337.08 3456.74 posterior 10x slicing groove 
MB44 Perpendicular 45 10.255  3 0.240 8 266.67 2734.67 anterior 10x slicing groove 
MB45 Perpendicular 45 10.255  3 0.240 9 337.08 3456.74 posterior 10x slicing groove 
MB46 Parallel 90 10.255  1 0.480 6 75.00 769.13 anterior 1x scrape distal-proximal 
MB47 Parallel 90 10.255  1 0.480 7 102.04 1046.43 posterior 1x scrape distal-proximal 
MB48 Parallel 90 10.255  1 0.480 7 102.04 1046.43 anterior 1x scrape distal-proximal 
MB49 Parallel 90 10.255  2 0.360 7 136.19 1396.60 posterior 1x scrape distal-proximal 
MB50 Parallel 90 10.255  2 0.360 7 136.19 1396.60 anterior 1x scrape distal-proximal 
MB51 Parallel 90 10.255  2 0.360 8 177.78 1823.11 posterior 1x scrape distal-proximal 
MB52 Parallel 90 10.255  3 0.240 8 266.67 2734.67 anterior 1x scrape distal-proximal 
MB53 Parallel 90 10.255  3 0.240 8 266.67 2734.67 posterior 1x scrape distal-proximal 
MB54 Parallel 90 10.255  3 0.240 8 266.67 2734.67 anterior 1x scrape distal-proximal 
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Angle 
The angle of incision was controlled by locking the industrial vice grip—and bone 
platform—to a set angle of either 0/180° (i.e. flat) or 45° (i.e. inclined). This allowed the 
cutting head to incise the bone either perpendicular to the bone’s long-axis at 90° or 45. 
Across the two incision angles (IA), 180 cut marks were produced; 90 marks in the IA1 (90° 
perpendicular) assemblage, 90 marks in the IA2 (45° perpendicular) assemblage. 
When the angle of the incision was held constant at 90° (Incision Angle (IA) 1) and 
perpendicular to the bone surface, straight marks constituted 70% (N = 63) of the assemblage, 
with curvy mark trajectories comprising 25.6% (N = 23) and sinuous trajectories just 4.4% 
(N =4) of the assemblage (Table 6.7). In comparison, when the incision angle was held at 45° 
(IA2), 61.1% of the assemblage (N = 55) displayed straight trajectories, with curvy 
trajectories composing 33.3% (N = 30) and sinuous trajectories 5.6% (N = 5) of the 
assemblage. A chi-square test indicates no significant difference in groove trajectory between 
the two incision angles (χ² = 1.58, p = 0.45; Table 6.7).  
Barbs were present on 70% (N = 63) of the IA1 assemblage and 81.1% (N = 73) of the IA2 
assemblage displaying this feature, with no significant difference between the assemblages 
(χ² = 3.01, p = 0.08). Groove shape showed the majority of marks across the two assemblages 
were wide V-shaped in appearance (i.e. wider than deeper), with 52.2% (N = 47) of the IA1 
and 75.6% (N = 68) of the IA2 assemblage displaying the feature. Tests indicate a significant 
difference in groove shape (χ² = 10.62, p < 0.01). Narrow V-shaped grooves are significantly 
over-represented in the IA1 assemblage, whereas, in the IA2 assemblage, they are 
significantly under-represented (Table 6.7). Symmetrical marks were dominant and not 
significantly different across the assemblages, with the feature present on 53.3% (N = 48) of 
the IA1 assemblage and 37.8% (N = 34) of the IA2 assemblage (χ² = 4.39, p = 0.04). The 
presence of shoulder effect was dominant and not significantly different between the 
assemblages, with the feature present on 91.1% (N = 82) of the IA1 assemblage, with the 
feature also present on 93.3% (N = 84) of marks from the IA2 assemblage (χ² = 0.31, p = 
0.58). Shoulder flaking was present, to some extent, on 47.8% (N = 43) of the IA1 
assemblage and on 44.4% (N = 40) of the IA2 assemblage, with no significant difference 
between the two assemblages (χ² = 0.82, p = 0.66; Table 6.7). Internal microstriations were 
present on 96.7% (N = 87) of the IA1 assemblage and 97.8% (N = 88) of the IA2 assemblage 
and did not differ significantly from each other (χ² = 0.21, p = 0.65). In the IA1 assemblage, 
74.4% (N = 67) of internal microstriations were continuous, compared to the 67.8% (N = 61) 
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of IA2 internal microstriations, with no significant difference between the assemblages (χ² = 
1.52, p = 0.47). Straight internal microstriations comprised 61.1% (N = 55) of the IA1 and 
55.6% of the IA2 assemblages, whereas irregular internal microstriations composed 35.6% 
(N = 32) and 42.2% (N = 38) of the IA1 and IA2 assemblages, respectively (Table 6.7). 
There was no significant difference in the shape of internal microstriation trajectory (χ² = 
0.95, p = 0.62). Finally, internal microstriations were predominantly located on the both the 
walls and base of the grooves, with 88.9% (N = 80) of the IA1 and 94.4% (N = 85) of the IA2 
assemblages observed there. The IA1 assemblage also showed 6.7% (N = 6) of internal 
microstriations along the bottom only and 1.1% (N = 1) on the walls only. Similarly, 2.2% (N 
= 2) of grooves in the IA2 assemblage were located on the bottom of the groove only and 
1.1% (N = 1) on the walls only. There was no significant difference in the location of internal 
microstriations between the two assemblages (χ² = 2.35, p = 0.50; Table 6.7).  
Table 6.7 Frequency of cut mark damage when incision angle is controlled. Chi-square test statistics and adjusted residuals 
(AR) are also reported, with significant values in bold. 
  90° 45° 
 Total % Total % AR Total % AR 
Groove trajectory (χ² = 1.58, p = 0.45)       
Straight 118 65.6 63 70.0 1.25 55 61.1 -1.25 
Curvy 53 29.4 23 25.6 -1.14 30 33.3 1.14 
Sinuous 9 5.0 4 4.4 -0.34 5 5.6 0.34 
Barb (χ² = 3.01, p = 0.08)       
Present 136 75.6 63 70.0 -1.73 73 81.1 1.73 
Absent 44 24.4 27 30.0 1.73 17 18.9 -1.73 
Groove shape (χ² = 10.62, p < 0.01)       
Narrow V 65 36.1 43 47.8 3.26 22 24.4 -3.26 
Wide \_/ 115 63.9 47 52.2 -3.26 68 75.6 3.26 
Symmetry (χ² = 4.39, p = 0.04)       
Symmetrical 82 45.6 48 53.3 2.10 34 37.8 -2.10 
Asymmetrical 98 54.4 42 46.7 -2.10 56 62.2 2.10 
Shoulder effect (χ² = 0.31, p = 0.58)       
Present 166 92.2 82 91.1 -0.56 84 93.3 0.56 
Absent 14 7.8 8 8.9 0.56 6 6.7 -0.56 
Flaking on shoulder (χ² = 0.82, p = 0.66)       
More than 1/3  39 21.7 22 24.4 0.90 17 18.9 -0.90 
Less than 1/3 44 24.4 21 23.3 -0.35 23 25.6 0.35 
Absent 97 53.9 47 52.2 -0.45 50 55.6 0.45 
Internal microstriations (χ² = 0.21, p = 0.65)       
Present 175 97.2 87 96.7 -0.45 88 97.8 0.45 
Absent 5 2.8 3 3.3 0.45 2 2.2 -0.45 
Microstriation trajectory (χ² = 1.52, p = 0.47)       
Continuous 128 71.1 67 74.4 0.99 61 67.8 -0.99 
Discontinuous 47 26.1 20 22.2 -1.19 27 30.0 1.19 
Absent 5 2.8 3 3.3 0.45 2 2.2 -0.45 
Microstriation shape (χ² = 0.95, p = 0.62)       
Straight 105 58.3 55 61.1 0.76 50 55.6 -0.76 
Irregular 70 38.9 32 35.6 -0.92 38 42.2 0.92 
Absent 5 2.8 3 3.3 0.45 2 2.2 -0.45 
Microstriation location (χ² = 2.35, p = 0.50)       
Walls 2 1.1 1 1.1 0.00 1 1.1 0.00 
Bottom 8 4.4 6 6.7 1.45 2 2.2 -1.45 
Both 165 91.7 80 88.9 -1.35 85 94.4 1.35 
Absent 5 2.8 3 3.3 0.45 2 2.2 -0.45 
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Velocity 
The velocity of the cutting stroke was manipulated by the length of the pull—either 480mm, 
360mm, or 240mm—and recorded through the attached accelerometer on the mechanical arm 
(Table 6.6). In the pull length (PL) 1 assemblage (480mm), straight trajectories accounted for 
71.4% (N = 45) of the assemblage, with curvy comprising 22.2% (N = 14) and sinuous 6.3% 
(N = 4). In the PL2 assemblage (360mm), 52.4% (N = 33) of the marks had straight 
trajectories, 38.1% (N = 24) had curvy trajectories, and sinuous trajectories comprised just 
9.5% (N = 6) of the assemblage. Grooves with straight trajectories composed 66.7% (N = 42) 
of the PL3 assemblage (240mm), while 31.7% (N = 20) were observed to be curvy and 1.6% 
(N = 1) were sinuous (Table 6.8). A chi-square test indicates no significant difference in the 
groove trajectory across the three assemblages (χ² = 8.03, p = 0.09; Table 6.8).  
Barbs were observed on 57.1% (N = 36) of the PL1 assemblage, on 74.6% (N = 47) of the 
PL2 assemblage, and on 84.1% (N = 53) of the PL3 assemblage, with a significant difference 
in the presence of barbs across the three assemblages (χ² = 11.70, p < 0.01). The observed 
presence of barbs is significantly under-represented in the PL1 assemblage and significantly 
over-represented in the PL3 assemblage compared to expected frequencies (Table 6.8). Wide 
V-shaped grooves were significantly different across the three assemblages and constituted 
71.4% (N = 45) of the PL1 assemblage, 49.2% (N = 31) of the PL2 assemblage, and 76.2% 
(N = 48) of the PL3 assemblage (χ² = 11.58, p < 0.01). Narrow grooves are significantly 
over-represented in the PL2 assemblage and significantly under-represented in the PL3 
assemblage. Symmetrical marks comprised 44.4% (N = 28) of the PL1 assemblage, 41.3% (N 
= 26) the PL2 assemblage, and 52.4% (N = 33) of the PL3 assemblage, with no significant 
difference across the assemblages (χ² = 1.66, p = 0.44; Table 6.8). The presence of shoulder 
effect alongside the main groove was dominant and not significantly different across the 
assemblages, with the feature present on 85.7% (N = 54) of the PL1 assemblage, 88.9% (N = 
56) of the PL2 assemblage, and 92.1% (N = 58) of the PL3 assemblage (χ² = 1.29, p = 0.53; 
Table 6.8). Flaking along the shoulder of the main mark was present, to some extent, in 
42.9% (N = 27) of the PL1 assemblage, 57.2% (N = 36) of the PL2 assemblage, and 33.3% 
(N = 21) of the PL3 assemblage, with no significant difference across the assemblages (χ² = 
9.01, p = 0.06). Internal microstriations were present in 100% (N = 63) of the marks from the 
PL1 assemblage, 95.2% (N = 60) of the PL2 assemblage, and 96.8% (N = 61) of the PL3 
assemblage, with no significant difference in the presence of internal microstriations (χ² = 
2.88, p = 0.24). Continuous internal microstriation trajectory comprised 60.3% (N = 38) of 
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the PL1 assemblage, 69.8% (N = 44) of the PL2, and 85.7% (N = 54). There was a significant 
difference in internal microstriation trajectory across the assemblages (χ² = 15.81, p < 0.01). 
Grooves with continuous internal microstriation trajectories are under-represented in the PL1 
assemblage and are over-represented in the PL3 (Table 6.8). Straight internal microstriations 
were observed on 60.3% (N = 38) of the PL1 assemblage, 50.8% (N = 32) of the PL2 
assemblage, and 58.7% (N = 37) of the PL3 assemblage, with no significant difference in 
internal microstriation shape between assemblages (χ² = 3.72, p = 0.45). Finally, internal 
microstriations were located on both the walls and base of the grooves in 90.5% (N = 57) of 
the PL1 assemblage, with 7.9% (N = 5) located on the bottom of grooves, and 1.6% (N = 1) 
located on the walls only. Internal microstriations were located on both the walls and base on 
88.9% (N = 56) and on the bottoms of grooves only on 6.3% (N = 4) of the PL2 assemblage. 
The PL3 assemblage comprised 95.2% (N = 60) of internal microstriations located on the 
walls and bases of grooves and 1.6% (N = 1) on the walls only. There was no significant 
difference across the three assemblages (χ² = 8.62, p = 0.20; Table 6.8).  
Table 6.8 Frequency of cut mark damage when cutting velocity (pull length) is controlled. Chi-square test statistics and 
adjusted residuals (AR) are also reported, with significant values in bold. 
  Pull Length 1 Pull Length 2 Pull Length 3 
 Total % Total % AR Total % AR Total % AR 
Groove trajectory (χ² = 8.03, p = 0.09)          
Straight 120 63.5 45 71.4 1.60 33 52.4 -2.24 42 66.7 0.64 
Curvy 58 30.7 14 22.2 -1.78 24 38.1 1.56 20 31.7 0.22 
Sinuous 11 5.8 4 6.3 0.22 6 9.5 1.54 1 1.6 -1.76 
Barb (χ² = 11.70, p < 0.01)          
Present 136 72.0 36 57.1 -3.21 47 74.6 0.57 53 84.1 2.63 
Absent 53 28.0 27 42.9 3.21 16 25.4 -0.57 10 15.9 -2.63 
Groove shape (χ² = 11.58, p < 0.01)          
Narrow V 65 34.4 18 28.6 -1.19 32 50.8 3.36 15 23.8 -2.17 
Wide \_/ 124 65.6 45 71.4 1.19 31 49.2 -3.36 48 76.2 2.17 
Symmetry (χ² = 1.66, p = 0.44)          
Symmetrical 87 46.0 28 44.4 -0.31 26 41.3 -0.93 33 52.4 1.24 
Asymmetrical 102 54.0 35 55.6 0.31 37 58.7 0.93 30 47.6 -1.24 
Shoulder effect (χ² = 1.29, p = 0.53)          
Present 168 88.9 54 85.7 -0.98 56 88.9 0.00 58 92.1 0.98 
Absent 21 11.1 9 14.3 0.98 7 11.1 0.00 5 7.9 -0.98 
Flaking on shoulder (χ² = 9.01, p = 0.06)          
More than 1/3  39 20.6 10 15.9 -1.14 19 30.2 2.29 10 15.9 -1.14 
Less than 1/3 45 23.8 17 27.0 0.72 17 27.0 0.72 11 17.5 -1.45 
Absent 105 55.6 36 57.1 0.31 27 42.9 -2.48 42 66.7 2.17 
Internal microstriations (χ² = 2.88, p = 0.24)          
Present 184 97.4 63 100.0 1.60 60 95.2 -1.28 61 96.8 -0.32 
Absent 5 2.6 0 0.0 -1.60 3 4.8 1.28 2 3.2 0.32 
Microstriation trajectory (χ² = 15.81, p < 0.01)          
Continuous 136 72.0 38 60.3 -2.52 44 69.8 -0.46 54 85.7 2.98 
Discontinuous 48 25.4 25 39.7 3.19 16 25.4 0.00 7 11.1 -3.19 
Absent 5 2.6 0 0.0 -1.60 3 4.8 1.28 2 3.2 0.32 
Microstriation shape (χ² = 3.72, p = 0.45)          
Straight 107 56.6 38 60.3 0.73 32 50.8 -1.14 37 58.7 0.42 
Irregular 77 40.7 25 39.7 -0.21 28 44.4 0.73 24 38.1 -0.52 
Absent 5 2.6 0 0.0 -1.60 3 4.8 1.28 2 3.2 0.32 
Microstriation location (χ² = 8.62, p = 0.20)          
Walls 2 1.1 1 1.6 0.50 0 0.0 -1.01 1 1.6 0.50 
Bottom 9 4.8 5 7.9 1.45 4 6.3 0.72 0 0.0 -2.17 
Both 173 91.5 57 90.5 -0.37 56 88.9 -0.92 60 95.2 1.29 
Absent 5 2.6 0 0.0 -1.60 3 4.8 1.28 2 3.2 0.32 
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Force 
Force was controlled mainly via the manipulation of acceleration (i.e. velocity with 
direction). Mass was kept constant as the impact head and arm weighed 10.26kg and any 
additional mass would have been unrealistic. During preliminary trials, even the addition of 
an extra 5kg behind the cutting head resulted in severe damage to both the stone tool and the 
bone—more so than the damage created without additional mass. Of the total 189 cut marks 
produced, the high force (HF) assemblage (>2500N) comprised 50 marks, the medium force 
(MF) assemblage (1500-2500N) produced 84 marks, and the low force (LF) assemblage 
(<1500N) produced 55 marks. The HF assemblage was comprised of 58% (N = 29) straight 
grooves, 32% (N = 16) curvy trajectories, and 10% (N = 5) of grooves with sinuous 
trajectories (Table 6.9). Of the MF assemblage, 57.1% (N = 48) were straight grooves, 3.6% 
(N = 3) curvy grooves, and 39.3% (N = 33) sinuous grooves. Straight grooves constituted 
78.2% (N = 43) of the LF assemblage, with 16.4% curvy trajectories and 5.5% (N = 3) 
sinuous. A chi-square test indicates a significant difference in groove trajectory across the 
three assemblages (χ² = 41.68, p < 0.01). Compared to expected values, the observed 
frequencies of straight groove trajectories are significantly over-represented at low cutting 
force; while curvy groove trajectories are significantly over-represented at high force and 
significantly under-represented at medium cutting force. Additionally, sinuous groove 
trajectories are significantly under-represented at both high and low cutting force, and 
significantly over-represented at medium cutting force (Table 6.9).  
Barbs were present in 90% (N = 45) of the HF assemblage, 63.1% (N = 53) of the MF 
assemblage, and 69.1% (N = 38) of the LF assemblage, with a significant difference across 
the three assemblages (χ² = 11.56, p < 0.01). The presence of barbs is significantly over-
represented at high cutting force and significantly under-represented at medium cutting force. 
Wide V-shaped grooves were observed on 78% (N = 39) of the HF assemblage, 58.3% (N = 
49) of the MF assemblage, and 65.5% (N = 36) of the LF assemblage, with no significant 
difference between the three assemblages (χ² = 5.37, p = 0.07; Table 6.9). Symmetrical marks 
constituted 46% (N = 23) of the HF assemblage, 47.6% (N = 40) of the MF assemblage, and 
43.6% (N = 24) of the LF assemblage, with no significant difference between the 
assemblages (χ² = 0.21, p = 0.90). Shoulder effect was present on 94% (N = 47) of the HF 
assemblage, 85.7% (N = 72) of the MF assemblage, and 89.1% (N = 49) of the LF 
assemblage. There was no significant difference in the presence of shoulder effect across the 
assemblages (χ² = 2.18, p = 0.34). Flaking along the shoulder of the main mark was present, 
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to some extent, in 40% (N = 20) of the HF assemblage, in 41.7% (N = 35) of the MF 
assemblage, and in 50.9% of the LF assemblage. There was no significant difference in the 
presence of shoulder flaking across the assemblage (χ² = 2.28, p = 0.68). Internal 
microstriations were present on 94% (N = 47) of the HF assemblage, on 97.6% (N = 82) of 
the MF assemblage, and on 100% (N = 55) of the LF assemblage, with no significant 
difference between the assemblages (χ² = 3.70, p = 0.16; Table 6.9). Grooves with continuous 
internal microstriation trajectories constituted 76% (N = 38) of the HF assemblage, 71.4% (N 
= 60) of the MF assemblage, and 69.1% (N = 38) of the LF assemblage. Straight 
microstriation trajectories comprised 52% (N = 26) of the HF assemblage, 51.2% (N = 43) of 
the MF assemblage, and 69.1% (N = 38) of the LF assemblage, with no significant difference 
between the assemblages (χ² = 8.16, p = 0.23). The length of cut marks was measured using a 
polyline tool under microscopy (Table 6.10). 
Table 6.9 Frequency of cut mark damage when cutting force is controlled. Chi-square test statistics and adjusted residuals 
(AR) are also reported, with significant values in bold. 
   High Medium  Low 
 Total % Total % AR Total % AR Total % AR 
Groove trajectory (χ² = 41.68, p < 0.01)          
Straight 120 63.5 29 58.0 -0.94 48 57.1 -1.62 43 78.2 2.69 
Curvy 28 14.8 16 32.0 3.99 3 3.6 -3.89 9 16.4 0.38 
Sinuous 41 21.7 5 10.0 -2.34 33 39.3 5.25 3 5.5 -3.47 
Barb (χ² = 11.56, p < 0.01)          
Present 136 72.0 45 90.0 3.31 53 63.1 -2.43 38 69.1 -0.56 
Absent 53 28.0 5 10.0 -3.31 31 36.9 2.43 17 30.9 0.56 
Groove shape (χ² = 5.37, p = 0.07)          
Narrow V 65 34.4 11 22.0 -2.15 35 41.7 1.88 19 34.5 0.03 
Wide \_/ 124 65.6 39 78.0 2.15 49 58.3 -1.88 36 65.5 -0.03 
Symmetry (χ² = 0.21, p = 0.90)          
Symmetrical 87 46.0 23 46.0 -0.01 40 47.6 0.39 24 43.6 -0.42 
Asymmetrical 102 54.0 27 54.0 0.01 44 52.4 -0.39 31 56.4 0.42 
Shoulder effect (χ² = 2.18, p = 0.34)          
Present 168 88.9 47 94.0 1.34 72 85.7 -1.24 49 89.1 0.06 
Absent 21 11.1 3 6.0 -1.34 12 14.3 1.24 6 10.9 -0.06 
Flaking on shoulder (χ² = 2.28, p = 0.68)          
More than 1/3  39 20.6 11 22.0 0.28 15 17.9 -0.84 13 23.6 0.65 
Less than 1/3 44 23.3 9 18.0 -1.03 20 23.8 0.15 15 27.3 0.83 
Absent 106 56.1 30 60.0 0.65 49 58.3 0.56 27 49.1 -1.24 
Internal microstriations (χ² = 3.70, p = 0.16)          
Present 184 97.4 47 94.0 -1.72 82 97.6 0.20 55 100.0 1.45 
Absent 5 2.6 3 6.0 1.72 2 2.4 -0.20 0 0.0 -1.45 
Microstriation trajectory (χ² = 5.54, p = 0.24)          
Continuous 136 72.0 38 76.0 0.74 60 71.4 -0.14 38 69.1 -0.56 
Discontinuous 48 25.4 9 18.0 -1.40 22 26.2 0.22 17 30.9 1.12 
Absent 5 2.6 3 6.0 1.72 2 2.4 -0.20 0 0.0 -1.45 
Microstriation shape (χ² = 7.73, p = 0.10)          
Straight 107 56.6 26 52.0 -0.77 43 51.2 -1.35 38 69.1 2.22 
Irregular 77 40.7 21 42.0 0.21 39 46.4 1.42 17 30.9 -1.76 
Absent 5 2.6 3 6.0 1.72 2 2.4 -0.20 0 0.0 -1.45 
Microstriation location (χ² = 8.16, p = 0.23)          
Walls 2 1.1 1 2.0 0.76 1 1.2 0.16 0 0.0 -0.91 
Bottom 9 4.8 0 0.0 -1.84 6 7.1 1.37 3 5.5 0.29 
Both 173 91.5 46 92.0 0.14 75 89.3 -0.99 52 94.5 0.95 
Absent 5 2.6 3 6.0 1.72 2 2.4 -0.20 0 0.0 -1.45 
Table 6.10 Summary statistics for cut mark lengths produced by BONES (mm) 
Minimum (mm) Maximum (mm) Mean (mm) Standard error (mm) Standard deviation (mm) Median (mm) 
2.11 12.30 6.47 0.15 2.02 6.27 
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7. MANUAL BUTCHERY EXPERIMENTS: RESULTS AND ANALYSIS 
7.1 CONTROLLED BUTCHERY EXPERIMENTS 
This section details the results of controlled naturalistic butchery exercises performed by five 
butchers on lamb femora; the controlled bones from Butcher 5 were excluded due to fungal 
growth that adversely affected the bones and BSMs (see Appendix I: Table 1-3). The aim of 
this chapter is to understand how individual variables and forces affect the creation of human 
produced BSM characteristics by controlling for angle, velocity, and force using human 
volunteer butchers. This chapter will answer research question 3: How is butchery mark 
morphology affected when force, velocity, and angle are controlled relative to freeform 
butchery actions? As previously detailed, cut marks (Table 4.9) were recorded using 
protocols adapted from Domínguez-Rodrigo et al. (2009a) and percussion marks (Table 4.10) 
were recorded using protocols adapted from Thompson et al. (2015). Measurements were 
taken using the polygon tool for percussion damage areas and the polyline tool for cut mark 
lengths under microscopy (Table 6.5) 
Table 7.1 Summary statistics for percussion mark area produced by controlled butchery (mm²). 
Minimum 
(mm²) 
Maximum 
(mm²) 
Mean 
(mm²) 
Standard error 
(mm²) 
Standard deviation 
(mm²) 
Median 
(mm²) 
8.55 224.81 57.84 3.26 41.64 49.85 
 
Table 7.2 Summary statistics for cut mark lengths produced by controlled butchery (mm).  
Minimum 
(mm) 
Maximum 
(mm) 
Mean 
(mm) 
Standard error 
(mm) 
Standard deviation 
(mm) 
Median 
(mm) 
2.36 17.97 7.74 0.14 2.61 7.68 
7.1.1 PERCUSSION EXPERIMENTS 
Angle  
The angle of percussion impact was controlled by holding the bone either parallel with the 
ground, with the proximal end raised, or with the distal end raised. This allowed for the 
butcher to hit the lamb femur directly in the centre of the bone (parallel), at the distal near-
epiphysis (proximal end raised), and at the proximal near-epiphysis (distal end raised). There 
is little difference in the location of microstriations between the three assemblages (χ² = 
10.89, p = 0.21), with the majority of microstriations appearing both inside and outside the 
main mark (Table 7.3). Marks were primarily located along fracture edges followed by marks 
in isolation and at longitudinal cracks; however, there was no significant difference in mark 
location across the assemblages (χ² = 6.80, p = 0.15; Table 7.3). Primary percussion mark 
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type varies little between the three angle-controlled assemblages (χ² = 30.05, p = 0.02), with 
bone compaction dominating across the assemblages, followed by microstriation patches, 
percussion grooves, and gouges (Table 7.3). Similarly, there is little difference in the 
appearance of secondary mark types across the assemblages (χ² = 17.67, p = 0.34), with 
microstriation patches most commonly observed across the assemblages, followed by bone 
compaction, crushing, and delamination (Table 7.3). Unlike the previous percussion mark 
traits, there are significant differences in tertiary mark type across the assemblages (χ² = 
40.41, p < 0.01). While tertiary percussion mark damage was not present on 40.1% (N = 
138), microstriation patches were the dominant tertiary mark type with the feature present on 
27.6% (N = 95) of the assemblage. Within the assemblages, the observed frequency of 
crushing damage was significantly over-represented in the proximal raised assemblage 
compared to expected values, with bone delamination significantly under-represented in the 
parallel assemblage and over-represented in the proximal raised assemblage, and bone 
compaction was significantly over-represented in the parallel assemblage and under-
represented in the proximal raised assemblage (Table 7.3). Finally, bruising was present on 
100% (N = 344) of the total assemblage.  
Velocity (Proxy) 
The impact velocity was manipulated by restricting the movement of the volunteer butcher’s 
arm during percussion strikes, from unrestricted shoulder and elbow (S+E) assemblage, to 
restricting the movement of the elbow for the shoulder only (SO) assemblage, and restricting 
the shoulder movement for the elbow only (EO) assemblage. The location of microstriations 
differs little between the three assemblages (χ² = 11.96, p = 0.15), with the majority of 
microstriations appearing both inside and outside the main mark (Table 7.4). Similar to the 
controlled angle experiments, marks were primarily located along fracture edges followed by 
marks in isolation and at longitudinal cracks, with no significant difference in mark location 
across the assemblages (χ² = 0.16, p = 0.99; Table 7.4). Primary percussion mark type 
changes little between the three velocity controlled assemblages (χ² = 15.15, p = 0.51), with 
bone compaction dominating across the assemblages, followed by microstriation patches, 
percussion grooves, and gouges (Table 7.4). Similarly, there is little difference in the 
appearance of secondary mark types across the assemblages (χ² = 16.45, p = 0.42), with 
microstriation patches most common across the assemblages, followed by bone compaction, 
crushing, and delamination (Table 7.4). Tertiary percussion mark type varies little across the 
assemblages (χ² = 15.01, p = 0.52), with microstriation patches dominating the assemblage, 
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followed by bone delamination and compaction; 37.8% (N = 130) marks did not display 
tertiary percussion damage (Table 7.4). Finally, bruising was present on 100% (N = 344) of 
the total assemblage. 
 
Table 7.3 Frequency of percussion marks when impact angle is controlled (angle of bone surface to the percussive strike) 
separated by bone position. Chi-square test statistics and adjusted residuals (AR) are also reported, with significant values in 
bold. 
   Parallel Proximal raised Distal raised 
 Total % Total % AR Total % AR Total % AR 
Location of microstriations (χ² = 10.89, p = 0.21)            
Inside only 55 16.0 12 10.3 -2.08 22 18.6 0.97 21 19.3 1.13 
Outside only 2 0.6 1 0.9 0.48 0 0.0 -1.02 1 0.9 0.56 
Emanating 60 17.4 29 24.8 2.58 15 12.7 -1.67 16 14.7 -0.92 
Inside and outside 223 64.8 74 63.2 -0.44 79 66.9 0.60 70 64.2 -0.16 
Absent 4 1.2 1 0.9 -0.38 2 1.7 0.67 1 0.9 -0.29 
Location of main mark (χ² = 6.80, p = 0.15)            
Fracture edge 172 50.0 57 48.7 -0.26 58 49.2 -0.37 57 52.3 0.65 
At crack 58 16.9 15 12.8 -1.40 28 23.7 2.38 15 13.8 -1.01 
In notch 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Isolated 116 33.7 45 38.5 1.39 34 28.8 -1.49 37 33.9 0.11 
Main mark type – primary (χ² = 30.05, p = 0.02)            
Pit 30 8.7 8 6.8 -0.89 10 8.5 -0.12 12 11.0 1.02 
Gouge 36 10.5 13 11.1 0.28 12 10.2 -0.13 11 10.1 -0.15 
Divot 3 0.9 1 0.9 -0.02 1 0.8 -0.04 1 0.9 0.06 
Percussion groove 48 14.0 29 24.8 4.16 5 4.2 -3.76 14 12.8 -0.40 
Microstriation patch 88 25.6 30 25.6 0.02 30 25.4 -0.05 28 25.7 0.03 
Crushing 24 7.0 6 5.1 -0.97 13 11.0 2.13 5 4.6 -1.18 
Delamination 7 2.0 2 1.7 -0.31 4 3.4 1.29 1 0.9 -1.00 
Displacement 1 0.3 0 0.0 -0.72 1 0.8 1.39 0 0.0 -0.68 
Compaction 107 31.1 28 23.9 -2.06 42 35.6 1.30 37 33.9 0.78 
Main mark type – secondary (χ² = 17.67, p = 0.34)            
Pit 11 3.2 3 2.6 -0.48 6 5.1 1.44 2 1.8 -0.98 
Gouge 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Divot 1 0.3 1 0.9 1.39 0 0.0 -0.72 0 0.0 -0.68 
Percussion groove 7 2.0 3 2.6 0.50 4 3.4 1.29 0 0.0 -1.82 
Microstriation patch 129 37.5 45 38.5 0.26 42 35.6 -0.53 42 38.5 0.27 
Crushing 62 18.0 22 18.8 0.27 16 13.6 -1.56 24 22.0 1.31 
Delamination 43 12.5 12 10.3 -0.90 13 11.0 -0.60 18 16.5 1.53 
Displacement 9 2.6 3 2.6 -0.04 5 4.2 1.36 1 0.9 -1.34 
Compaction 67 19.5 25 21.4 0.64 26 22.0 0.87 16 14.7 -1.53 
N/A 15 4.4 3 2.6 -1.17 6 5.1 0.48 6 5.5 0.71 
Main mark type – tertiary (χ² = 40.41, p < 0.01)            
Pit 3 0.9 2 1.7 1.20 1 0.8 -0.04 0 0.0 -1.18 
Gouge 4 1.2 1 0.9 -0.38 3 2.5 1.72 0 0.0 -1.37 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 1 0.3 1 0.9 1.39 0 0.0 -0.72 0 0.0 -0.68 
Microstriation patch 95 27.6 33 28.2 0.18 27 22.9 -1.42 35 32.1 1.27 
Crushing 15 4.4 3 2.6 -1.17 9 7.6 2.14 3 2.8 -0.99 
Delamination 54 15.7 11 9.4 -2.30 31 26.3 3.90 12 11.0 -1.63 
Displacement 11 3.2 5 4.3 0.81 5 4.2 0.79 1 0.9 -1.64 
Compaction 23 6.7 14 12.0 2.81 2 1.7 -2.68 7 6.4 -0.13 
N/A 138 40.1 47 40.2 0.01 40 33.9 -1.70 51 46.8 1.72 
Bruising (χ² = 0, p = 1)            
Present 344 100 117 100 -- 118 100 -- 109 100 -- 
Absent 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
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Table 7.4 Frequency of cutting marks when impact velocity is controlled (via restriction of arm movement) separated by arm 
movement. Chi-square test statistics and adjusted residuals (AR) are also reported, with significant values in bold. 
   Shoulder+Elbow Shoulder only Elbow only 
 Total % Total % AR Total % AR Total % AR 
Location of microstriations (χ² = 11.96, p = 0.15)          
Inside only 55 16.0 20 17.4 0.50 22 17.9 0.72 13 12.3 -1.26 
Outside only 2 0.6 1 0.9 0.50 0 0.0 -1.06 1 0.9 0.59 
Emanating 72 20.9 32 27.8 2.23 23 18.7 -0.76 17 16.0 -1.49 
Inside and outside 211 61.3 62 53.9 -2.00 75 61.0 -0.10 74 69.8 2.15 
Absent 4 1.2 0 0.0 -1.43 3 2.4 1.65 1 0.9 -0.25 
Location of main mark (χ² = 0.16, p = 0.99)          
Fracture edge 172 50.0 57 49.6 -0.11 61 49.6 -0.11 54 50.9 0.23 
At crack 59 17.2 19 16.5 -0.22 22 17.9 0.27 18 17.0 -0.06 
In notch 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Isolated 113 32.8 39 33.9 0.30 40 32.5 -0.10 34 32.1 -0.20 
Main mark type – primary (χ² = 15.15, p = 0.51)          
Pit 30 8.7 8 7.0 -0.82 11 8.9 0.11 11 10.4 0.73 
Gouge 36 10.5 8 7.0 -1.51 16 13.0 1.15 12 11.3 0.35 
Divot 3 0.9 1 0.9 0.00 0 0.0 -1.30 2 1.9 1.35 
Percussion groove 48 14.0 20 17.4 1.30 12 9.8 -1.68 16 15.1 0.41 
Microstriation patch 88 25.6 30 26.1 0.15 35 28.5 0.91 23 21.7 -1.10 
Crushing 24 7.0 12 10.4 1.78 7 5.7 -0.70 5 4.7 -1.10 
Delamination 6 1.7 2 1.7 -0.01 3 2.4 0.73 1 0.9 -0.76 
Displacement 1 0.3 0 0.0 -0.71 0 0.0 -0.75 1 0.9 1.50 
Compaction 108 31.4 34 29.6 -0.52 39 31.7 0.09 35 33.0 0.43 
Main mark type – secondary (χ² = 16.45, p = 0.42)          
Pit 11 3.2 3 2.6 -0.44 4 3.3 0.04 4 3.8 0.41 
Gouge 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Divot 1 0.3 0 0.0 -0.71 1 0.8 1.34 0 0.0 -0.67 
Percussion groove 7 2.0 4 3.5 1.34 3 2.4 0.40 0 0.0 -1.78 
Microstriation patch 129 37.5 41 35.7 -0.50 47 38.2 0.20 41 38.7 0.30 
Crushing 62 18.0 23 20.0 0.68 22 17.9 -0.05 17 16.0 -0.64 
Delamination 41 11.9 19 16.5 1.87 12 9.8 -0.92 10 9.4 -0.95 
Displacement 11 3.2 4 3.5 0.21 4 3.3 0.04 3 2.8 -0.26 
Compaction 67 19.5 14 12.2 -2.42 25 20.3 0.30 28 26.4 2.17 
N/A 15 4.4 7 6.1 1.11 5 4.1 -0.20 3 2.8 -0.93 
Main mark type – tertiary (χ² = 15.01, p = 0.52)          
Pit 3 0.9 1 0.9 0.00 1 0.8 -0.09 1 0.9 0.09 
Gouge 4 1.2 1 0.9 -0.36 2 1.6 0.60 1 0.9 -0.25 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 1 0.3 0 0.0 -0.71 1 0.8 1.34 0 0.0 -0.67 
Microstriation patch 100 29.1 32 27.8 -0.36 35 28.5 -0.19 33 31.1 0.56 
Crushing 14 4.1 7 6.1 1.34 5 4.1 0.00 2 1.9 -1.37 
Delamination 57 16.6 13 11.3 -1.86 27 22.0 2.00 17 16.0 -0.18 
Displacement 11 3.2 4 3.5 0.21 4 3.3 0.04 3 2.8 -0.26 
Compaction 24 7.0 12 10.4 1.78 3 2.4 -2.46 9 8.5 0.74 
N/A 130 37.8 45 39.1 0.36 45 36.6 -0.34 40 37.7 -0.01 
Bruising (χ² = 0, p = 1)          
Present 344 100 115 100 -- 123 100 -- 106 100 -- 
Absent 0 0 0 0 -- 0 0 -- 0 0 -- 
 
Butcher (force proxy) 
Each butcher generated their own individual level of force that was roughly consistent across 
the naturalistic experiments by controlling the minimum and maximum heights that each 
strike must meet before falling to impact the bone surface. This gives an approximate for 
acceleration, coupled with the mass of the hammerstone used (Table 4.8) gives a working 
estimate of the force imparted (i.e. Newton’s second law: F = ma). With this in mind, the data 
here are compiled of all of the assemblages attributed to each butcher (1-6). Few changes 
were observed in the location of microstriations across the assemblages (χ² = 22.15, p = 
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0.14), with microstriations located primarily both inside and outside of marks, followed by 
microstriations emanating from within marks and inside the mark only (Table 7.5). Mark 
location also shows little variation across the assemblages (χ² = 6.18, p = 0.63), with marks 
located along fracture edges dominating the assemblages, followed by marks isolated on the 
bone surface and at longitudinal cracks (Table 7.5). Primary percussion mark type did 
significantly differ between the butchers (χ² = 51.82, p = 0.01), with bone compaction 
dominating the assemblages (18.1 – 41.1%), followed by microstriation patches (19.6 – 
31.6%) and percussion grooves (8.2 – 18.1%). Percussion pits were significantly over-
represented in Butcher 1’s assemblage and under-represented in Butcher 2’s; also in Butcher 
2’s assemblage, bone compaction was significantly over-represented. In Butcher 3’s 
assemblage, divots, crushing damage, and bone delamination were all significantly over-
represented, while bone compaction was under-represented (Table 7.5).  
Secondary percussion mark type also significantly differed between the assemblages (χ² = 
78.54, p < 0.01), with microstriation patches most common across the butchers (24.6 – 49%), 
followed by bone compaction (13 – 28.8%) and crushing damage (8.2 – 33.3%). The 
observed frequencies of microstriation patches were significantly over-represented in Butcher 
1’s assemblage, while in Butcher 3 and 4’s assemblages, they were significantly under-
represented. Crushing damage was significantly over-represented in Butcher 3 and 4’s 
assemblage and significantly under-represented in Butcher 1 and 2’s. Percussion pits in 
Butcher 6’s assemblage, percussion grooves in Butcher 3’s assemblage, and bone compaction 
in Butcher 2’s assemblage were all significantly over-represented. Marks without secondary 
percussion damage types were significantly over-represented in Butcher 1’s assemblage and 
under-represented in Butcher 2’s assemblage (Table 7.5). Tertiary percussion mark type 
differs little between butchers (χ² = 44.86, p = 0.07), with microstriation patches dominating 
the assemblage, followed by bone delamination; although, marks without tertiary percussion 
damage represents 40.1% (N = 138) of the total assemblage (Table 7.5). Finally, bruising was 
present on 100% (N = 344) of the total assemblage.  
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Table 7.5 Frequency of percussion marks separated by butcher (force by proxy). Chi-square test statistics and adjusted residuals (AR) are also reported, with significant values in bold. 
   Butcher 1 Butcher 2 Butcher 3 Butcher 4 Butcher 6 
 Total % Total % AR Total % AR Total % AR Total % AR Total % AR 
Location of microstriations (χ² = 22.15, p = 0.14)                
Inside only 55 16.0 15 15.6 -0.11 17 23.3 1.92 9 12.5 -0.91 10 17.5 0.35 4 8.7 -1.45 
Outside only 2 0.6 0 0.0 -0.88 0 0.0 -0.74 2 2.8 2.76 0 0.0 -0.63 0 0.0 -0.56 
Emanating 60 17.4 20 20.8 1.03 11 15.1 -0.60 8 11.1 -1.59 10 17.5 0.02 11 23.9 1.24 
Inside and outside 223 64.8 61 63.5 -0.31 43 58.9 -1.19 51 70.8 1.20 37 64.9 0.02 31 67.4 0.39 
Absent 4 1.2 0 0.0 -1.25 2 2.7 1.42 2 2.8 1.44 0 0.0 -0.90 0 0.0 -0.79 
Location of main mark (χ² = 6.18, p = 0.63)                
Fracture edge 172 50.0 53 55.2 1.27 32 43.8 -1.13 33 45.8 -0.74 26 45.6 -0.95 28 60.9 1.63 
At crack 58 16.9 14 14.6 -0.67 13 17.8 0.27 12 16.7 -0.02 12 21.1 0.81 7 15.2 -0.30 
In notch 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Isolated 116 33.7 29 30.2 -0.81 28 38.4 0.98 27 37.5 0.80 21 36.8 0.37 11 23.9 -1.48 
Main mark type – primary (χ² = 51.82, p = 0.01)                
Pit 30 8.7 14 14.6 2.40 2 2.7 -2.04 6 8.3 -0.13 2 3.5 -1.53 6 13.0 1.12 
Gouge 36 10.5 7 7.3 -1.20 8 11.0 0.16 7 9.7 -0.23 10 17.5 1.91 4 8.7 -0.42 
Divot 3 0.9 1 1.0 0.21 0 0.0 -0.90 2 2.8 1.96 0 0.0 -0.78 0 0.0 -0.68 
Percussion groove 48 14.0 17 17.7 1.25 6 8.2 -1.59 13 18.1 1.13 5 8.8 -1.24 7 15.2 0.27 
Microstriation patch 88 25.6 24 25.0 -0.15 21 28.8 0.70 16 22.2 -0.73 18 31.6 1.14 9 19.6 -1.00 
Crushing 24 7.0 3 3.1 -1.74 5 6.8 -0.05 11 15.3 3.11 4 7.0 0.01 1 2.2 -1.37 
Delamination 7 2.0 0 0.0 -1.66 1 1.4 -0.45 4 5.6 2.38 1 1.8 -0.16 1 2.2 0.07 
Displacement 1 0.3 1 1.0 1.61 0 0.0 -0.52 0 0.0 -0.52 0 0.0 -0.45 0 0.0 -0.39 
Compaction 107 31.1 29 30.2 -0.22 30 41.1 2.08 13 18.1 -2.69 17 29.8 -0.23 18 39.1 1.26 
Main mark type – secondary (χ² = 78.54, p < 0.01)                
Pit 11 3.2 1 1.0 -1.41 1 1.4 -1.00 3 4.2 0.53 1 1.8 -0.68 5 10.9 3.18 
Gouge 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Divot 1 0.3 0 0.0 -0.62 0 0.0 -0.52 1 1.4 1.95 0 0.0 -0.45 0 0.0 -0.39 
Percussion groove 7 2.0 0 0.0 -1.66 1 1.4 -0.45 4 5.6 2.38 2 3.5 0.86 0 0.0 -1.05 
Microstriation patch 129 37.5 47 49.0 2.73 28 38.4 0.17 19 26.4 -2.19 14 24.6 -2.21 21 45.7 1.23 
Crushing 62 18.0 10 10.4 -2.28 6 8.2 -2.46 20 27.8 2.42 19 33.3 3.29 7 15.2 -0.53 
Delamination 43 12.5 10 10.4 -0.73 14 19.2 1.94 8 11.1 -0.40 7 12.3 -0.05 4 8.7 -0.84 
Displacement 9 2.6 5 5.2 1.87 2 2.7 0.07 1 1.4 -0.73 1 1.8 -0.45 0 0.0 -1.19 
Compaction 67 19.5 13 13.5 -1.73 21 28.8 2.26 15 20.8 0.33 12 21.1 0.33 6 13.0 -1.18 
N/A 15 4.4 10 10.4 3.42 0 0.0 -2.06 1 1.4 -1.39 1 1.8 -1.05 3 6.5 0.77 
Main mark type – tertiary (χ² = 44.86, p = 0.07)                
Pit 3 0.9 0 0.0 -1.08 0 0.0 -0.90 2 2.8 1.96 1 1.8 0.78 0 0.0 -0.68 
Gouge 4 1.2 0 0.0 -1.25 2 2.7 1.42 2 2.8 1.44 0 0.0 -0.90 0 0.0 -0.79 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 1 0.3 0 0.0 -0.62 0 0.0 -0.52 1 1.4 1.95 0 0.0 -0.45 0 0.0 -0.39 
Microstriation patch 95 27.6 25 26.0 -0.41 11 15.1 -2.70 26 36.1 1.81 20 35.1 1.38 13 28.3 0.11 
Crushing 15 4.4 1 1.0 -1.88 5 6.8 1.17 6 8.3 1.86 3 5.3 0.37 0 0.0 -1.56 
Delamination 54 15.7 13 13.5 -0.68 16 21.9 1.65 10 13.9 -0.47 9 15.8 0.02 6 13.0 -0.53 
Displacement 11 3.2 2 2.1 -0.73 2 2.7 -0.25 2 2.8 -0.23 3 5.3 0.97 2 4.3 0.48 
Compaction 23 6.7 6 6.3 -0.20 4 5.5 -0.47 6 8.3 0.63 4 7.0 0.11 3 6.5 -0.05 
N/A 138 40.1 49 51.0 2.57 33 45.2 1.00 17 23.6 -3.21 17 29.8 -1.74 22 47.8 1.15 
Bruising (χ² = 0, p = 1)                
Present 344 100 96 100 -- 73 100 -- 72 100 -- 57 100 -- 46 100 -- 
Absent 0 0 0 0 -- 0 0 -- 0 0 -- 0 0 -- 0 0 -- 
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7.1.2 CUTTING EXPERIMENTS 
Angle 
The angle of incision was controlled by holding the cutting implement at either a cutting 
angle of 90°, slicing angle of 45°/135°, or a scraping angle of 15°/165° (Figure 7.1). There 
are significant differences in groove trajectory between the three assemblages (χ² = 79.17, p < 
0.01), with straight trajectories dominating the cutting and slicing assemblages, and curvy 
trajectories dominating the scraping assemblage. In the 90° assemblage, straight grooves are 
significantly over-represented, while curvy and sinuous are under-represented. Straight and 
sinuous grooves are significantly under-represented in the 45°/135° assemblage, with curvy 
grooves over-represented. In the 15°/165° assemblage, straight grooves are significantly 
under-represented, while curvy and sinuous grooves are over-represented (Table 7.6). The 
presence of barbs shows significant differences between assemblages (χ² = 193.89, p < 0.01), 
with barbs significantly over-represented in the 90° and 45°/135° assemblages; whereas they 
are under-represented in the 15°/165° assemblage (Table 7.6). Similarly, there was significant 
difference in groove shape between the assemblages (χ² = 45.65, p < 0.01), with wide V-
shaped grooves dominating the assemblages and over-represented the 45°/135° and 15°/165° 
assemblages, and under-represented in the 90° assemblage (Table 7.6; Figure 7.1). Groove 
symmetry significantly differs between the assemblages (χ² = 16.57, p < 0.01), with 
asymmetrical grooves dominating across the assemblages and over-represented in the 
45°/135° and 15°/165° assemblages, and under-represented in the 90° assemblage (Table 
7.6). There are significant differences in the presence of shoulder effect across the 
assemblages (χ² = 168.82, p < 0.01), with the feature dominating and significantly over-
represented in the 90° and 45°/135° assemblages, and under-represented in the 15°/165° 
assemblage (Table 7.6). The presence of shoulder flaking significantly differs across the 
assemblages (χ² = 50.47, p < 0.01), with the feature present on 10.6 – 56.8% of the 
assemblages. Shoulder flaking was significantly over-represented in the 90° assemblage, and 
under-represented in the 15°/165° assemblage (Table 7.6). There was little difference in the 
presence of internal microstriations (χ² = 0.90, p = 0.64), with microstriations featuring on 
98.3% (N = 413) of the total assemblage (Table 7.6). Internal microstriation trajectory 
changes little when the incision angle is controlled (χ² = 4.77, p = 0.31), with continuous 
microstriation trajectories dominating the assemblages (Table 7.6). The shape of internal 
microstriation trajectory changes significantly between the assemblages (χ² = 50.51, p < 
0.01), with straight trajectories dominating—and significantly over-represented in—the 90° 
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and 45°/135° assemblages; whereas in the 15°/165° assemblage, irregular trajectories are 
dominant and significantly over-represented. Finally, the location of internal microstriations 
changes little across the assemblages (χ² = 12.70, p = 0.05), with microstriations located on 
both the walls and bases of the grooves dominating the assemblage (Table 7.6).  
Alternately, when the 15°/165° assemblage is excluded, the results show that significant 
change occurs between groove trajectory, shape, and symmetry (Appendix II: Table 1). 
Straight grooves are significantly over-represented in the 90° assemblage, with curvy and 
sinuous trajectories under-represented; whereas the inverse true for the 45°/135° assemblage. 
Narrow V-shaped and symmetrical grooves are significantly over-represented in the 90° 
assemblage and under-represented in the 45°/135° assemblage; the inverse is true for wide V-
shaped, asymmetric grooves (Appendix II: Table 1).  
 
Table 7.6 Frequency of cutting marks when incision angle is controlled separated by bone position. Chi-square test statistics 
and adjusted residuals (AR) are also reported, with significant values in bold. 
   Cut 90° Slice 45°/135° Scrape 15°/165° 
 Total % Total % AR Total % AR Total % AR 
Groove trajectory (χ² = 79.17, p < 0.01)          
Straight 245 58.3 127 76.0 6.29 92 54.8 -0.89 22 25.9 -6.58 
Curvy 126 30.0 33 19.8 -4.03 62 36.9 2.16 35 41.2 2.28 
Sinuous 49 11.7 7 4.2 -3.88 14 8.3 -1.74 28 32.9 6.84 
Barb (χ² = 193.89, p < 0.01)          
Present 271 64.5 134 80.2 5.47 137 81.5 5.95 0 0.0 -13.92 
Absent 149 35.5 33 19.8 -5.47 31 18.5 -5.95 85 100 13.92 
Groove shape (χ² = 45.65, p < 0.01)          
Narrow V 140 33.3 85 50.9 6.20 46 27.4 -2.11 9 10.6 -4.98 
Wide \_/ 280 66.7 82 49.1 -6.20 122 72.6 2.11 76 89.4 4.98 
Symmetry (χ² = 16.57, p < 0.01)          
Symmetrical 172 41.0 88 52.7 3.98 59 35.1 -1.99 25 29.4 -2.42 
Asymmetrical 248 59.0 79 47.3 -3.98 109 64.9 1.99 60 70.6 2.42 
Shoulder effect (χ² = 168.82, p < 0.01)          
Present 338 80.5 156 93.4 5.43 156 92.9 5.23 26 30.6 -12.99 
Absent 82 19.5 11 6.6 -5.43 12 7.1 -5.23 59 69.4 12.99 
Flaking on shoulder (χ² = 50.47, p < 0.01)          
Present 183 43.6 95 56.8 4.47 79 47.0 1.17 9 10.6 -6.87 
Absent 237 56.4 72 43.1 -4.47 89 53.0 1.17 76 89.4 6.87 
Internal microstriations (χ² = 0.90, p = 0.64)          
Present 413 98.3 163 97.6 -0.95 166 98.8 0.62 84 98.8 0.40 
Absent 7 1.7 4 2.4 0.95 2 1.2 -0.62 1 1.2 -0.40 
Microstriation trajectory (χ² = 4.77, p = 0.31)          
Continuous 313 74.5 131 78.4 1.50 118 70.2 -1.65 64 75.3 0.18 
Discontinuous 100 23.8 32 19.2 -1.82 48 28.6 1.87 20 23.5 -0.07 
Absent 7 1.7 4 2.4 0.95 2 1.2 -0.62 1 1.2 -0.40 
Microstriation shape (χ² = 50.51, p < 0.01)          
Straight 220 52.4 101 60.5 4.21 87 51.8 1.32 13 15.3 -6.73 
Irregular 193 46.0 62 37.1 -4.45 79 47.0 -1.16 71 83.5 6.83 
Absent 7 1.7 4 2.4 0.95 2 1.2 -0.62 1 1.2 0.40 
Location of microstriations (χ² = 12.70, p = 0.05)          
Walls 3 0.7 2 1.2 0.96 1 0.6 -0.24 0 0.0 -0.88 
Bottom 21 5.0 4 2.4 -1.99 7 4.2 -0.64 10 11.8 3.20 
Both 389 92.6 157 94.0 0.89 158 94.0 0.91 74 87.1 -2.20 
Absent 7 1.7 4 2.4 0.95 2 1.2 -0.62 1 1.2 -0.40 
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Figure 7.1 Summary of how angle influences mark morphology. 
Butcher (force and velocity proxy) 
As with the percussion experiments, each butcher generated their own individual level of 
force and velocity that was roughly consistent across the naturalistic experiments by 
controlling the speed and minimum and maximum lengths that each stroke must meet while 
incising the bone surface. This gives a proxy for acceleration, which when coupled with the 
mass of the unmodified flake (plus the downward pressure) used gives an estimate of the 
force and velocity generated. Groove trajectory differs significantly between the butchers (χ² 
= 61.84, p < 0.01), with straight groove dominating the assemblages, followed by curvy, then 
sinuous grooves. Straight groove trajectories are significantly over-represented in the Butcher 
2 and 6 assemblages and under-represented in Butcher 3’s assemblage. Curvy trajectories are 
significantly over-represented in the Butcher 3 assemblage and under-represented in Butcher 
1’s assemblage. Lastly, sinuous trajectories are significantly over-represented in the Butcher 
1 and 3 assemblages and under-represented in the Butcher 2 and 6 assemblages (Table 7.7; 
Figure 7.2).  
The presence of barbs changes significantly across the butcher’s assemblages (χ² = 24.26, p < 
0.01), with the feature significantly over-represented in the Butcher 4, and 6 assemblages and 
under-represented in the Butcher 1 and 2 assemblages (Table 7.7). Groove shape also differs 
significantly between the assemblages (χ² = 25.56, p < 0.01), with wide V-shaped grooves 
dominating the assemblage. Wide V-shaped grooves are significantly over-represented in the 
Butcher 6 assemblage, and under-represented in Butcher 1’s assemblages (Table 7.7). There 
Straight, narrow, symmetric grooves with 
barbs, shoulder effect and flaking and straight 
internal microstriation trajectories 
90° 
45°     135° 
Curvy, wide, asymmetric grooves with barbs 
and shoulder effect 
 15°     165° 
Sinuous or curvy, wide, asymmetric grooves, 
with no barbs, shoulder effect or flaking, and 
irregular internal microstriation trajectories 
When incised at angle: à      Marks generally display: 
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are significant differences in groove symmetry across the assemblages (χ² = 30.55, p < 0.01), 
with asymmetric grooves dominating the assemblages. Asymmetric grooves are significantly 
over-represented in Butcher 3 and 4’s assemblages, and significantly under-represented in 
Butcher 1 and 6’s assemblages (Table 7.7).The presence of shoulder effect differs little 
between the butchers (χ² = 7.18, p = 0.13), with the feature dominating the assemblages 
(Table 7.7). Shoulder flaking also shows little change between butchers (χ² = 9.45, p = 0.05), 
with the feature more often absent across the assemblages (Table 7.7). The presence of 
internal microstriations changes little between the assemblages (χ² = 6.51, p = 0.16), with the 
feature present on 98.3% (N = 413) of the total assemblage (Table 7.7). Internal 
microstriation trajectory changes significantly across the butcher’s assemblages (χ² = 40.52, p 
< 0.01), with continuous microstriation trajectories dominating the assemblages. Continuous 
trajectories are significantly over represented in Butcher 1 and 6’s assemblages and under-
represented in Butcher 2’s assemblage. Discontinuous internal trajectories, however, are 
significantly under-represented in the Butcher 1 and 6 assemblages, and under-represented in 
Butcher 2’s assemblage (Table 7.7). The shape of internal microstriation trajectories 
significantly differs across the assemblages (χ² = 36.48, p < 0.01), with straight internal 
trajectories dominating most of the assemblages. Straight internal trajectories are 
significantly over-represented in the Butcher 2 and 6 assemblages, while irregular internal 
trajectories are significantly over-represented in the Butcher 1 and 3 assemblages (Table 7.7). 
Finally, the location of internal microstriations changes significantly across the assemblages 
(χ² = 28.28, p = 0.01). Dominating the assemblage are internal microstriations located on both 
the walls and bases of the grooves, which are significantly over-represented in the Butcher 1 
assemblage and under-represented in the Butcher 2 assemblage. Internal microstriations 
located only on the bottom of grooves are over-represented in the Butcher 2 assemblage, 
while under-represented in the Butcher 1 and 4 assemblages (Table 7.7). 
 
Figure 7.2 Summary of how butcher’s force and velocity influence cut mark morphology. 
 Butcher 1     Butcher 2        Butcher 3    Butcher 4       Butcher 6 
Sinuous 
Narrow 
Symmetric 
No barbs 
Irregular internal 
microstriation  
Straight 
No barbs 
Straight internal 
microstriations  
Curvy/sinuous 
Asymmetric 
Shoulder flaking 
Irregular internal 
microstriations  
Asymmetric 
Barbs present  
Straight 
Wide  
Symmetric 
Barbs present  
Straight internal 
microstriations  
    Scraping  Cutting        Slicing  Slicing            Cutting 
Action most likely prevalent in assemblage: 
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Table 7.7 Frequency of cutting marks separated out by butcher. Chi-square test statistics and adjusted residuals (AR) are also reported, with significant values in bold. 
   Butcher 1 Butcher 2 Butcher 3 Butcher 4 Butcher 6 
 Total % Total % AR Total % AR Total % AR Total % AR Total % AR 
Groove trajectory (χ² = 61.84, p < 0.01)                
Straight 245 58.3 53 61.6 0.69 75 75.0 3.87 25 29.4 -6.06 46 54.1 -0.88 46 71.9 2.39 
Curvy 126 30.0 17 19.8 -2.32 23 23.0 -1.75 39 45.9 3.58 30 35.3 1.19 17 26.6 -0.65 
Sinuous 49 11.7 16 18.6 2.25 2 2.0 -3.45 21 24.7 4.19 9 10.6 -0.35 1 1.6 -2.74 
Barb (χ² = 24.26, p < 0.01)                
Present 271 64.5 43 50.0 -3.16 55 55.0 -2.28 57 67.1 0.55 64 75.3 2.32 52 81.3 3.04 
Absent 149 35.5 43 50.0 3.16 45 45.0 2.28 28 32.9 -0.55 21 24.7 -2.32 12 18.8 -3.04 
Groove shape (χ² = 25.56, p < 0.01)                
Narrow V 140 33.3 44 51.2 3.93 38 38.0 1.13 25 29.4 -0.86 24 28.2 -1.12 9 14.1 -3.55 
Wide \_/ 280 66.7 42 48.8 -3.93 62 62.0 -1.13 60 70.6 0.86 61 71.8 1.12 55 85.9 3.55 
Symmetry (χ² = 30.55, p < 0.01)                
Symmetrical 172 41.0 43 50.0 1.91 39 39.0 -0.45 24 28.2 -2.67 24 28.2 -2.67 42 65.6 4.36 
Asymmetrical 248 59.0 43 50.0 -1.91 61 61.0 0.45 61 71.8 2.67 61 71.8 2.67 22 34.4 -4.36 
Shoulder effect (χ² = 7.18, p = 0.13)                
Present 338 80.5 63 73.3 -1.89 80 80.0 -0.14 66 77.6 -0.74 75 88.2 2.02 54 84.4 0.86 
Absent 82 19.5 23 26.7 1.89 20 20.0 0.14 19 22.4 0.74 10 11.8 -2.02 10 15.6 -0.86 
Flaking on shoulder (χ² = 9.45, p = 0.05)                
Present 183 43.6 42 68.8 1.10 37 37.0 -1.52 47 55.3 2.44 31 36.5 -1.48 26 40.6 -0.52 
Absent 237 56.4 44 51.2 -1.10 63 63.0 1.52 38 44.7 -2.44 54 63.5 1.48 38 59.4 0.52 
Internal microstriations (χ² = 6.51, p = 0.16)                
Present 413 98.3 85 98.8 0.41 100 100.0 1.49 82 96.5 -1.50 82 96.5 -1.50 64 100 1.13 
Absent 7 1.7 1 1.2 -0.41 0 0.0 -1.49 3 3.5 1.50 3 3.5 1.50 0 0.0 -1.13 
Microstriation trajectory (χ² = 40.52, p < 0.01)                
Continuous 313 74.5 75 87.2 3.03 56 56.0 -4.87 62 72.9 -0.38 64 75.3 0.18 56 87.5 2.59 
Discontinuous 100 23.8 10 11.6 -2.97 44 44.0 5.43 20 23.5 -0.07 18 21.2 -0.64 8 12.5 -2.31 
Absent 7 1.7 1 1.2 -0.41 0 0.0 -1.49 3 3.5 1.50 3 3.5 1.50 0 0.0 -1.13 
Microstriation shape (χ² = 36.48, p < 0.01)                
Straight 220 52.4 33 38.4 -1.97 63 63.0 3.47 24 28.2 -4.06 40 47.1 -0.17 41 64.1 2.82 
Irregular 193 46.0 52 60.5 2.08 37 37.0 -3.09 58 68.2 3.67 42 49.4 -0.22 23 35.9 -2.53 
Absent 7 1.7 1 1.2 -0.43 0 0.0 -1.67 3 3.5 1.58 3 3.5 1.58 0 0.0 -1.07 
Microstriation location (χ² = 28.28, p = 0.01)                
Walls 3 0.7 1 1.2 0.55 0 0.0 -0.97 1 1.2 0.57 1 1.2 0.57 0 0.0 -0.74 
Bottom 21 5.0 0 0.0 -2.39 12 12.0 3.68 4 4.7 -0.14 0 0.0 -2.37 5 7.8 1.12 
Both 389 92.6 84 97.7 2.01 88 88.0 -2.02 77 90.6 -0.80 81 95.3 1.06 59 92.2 -0.14 
Absent 7 1.7 1 1.2 -0.43 0 0.0 -1.67 3 3.5 1.58 3 3.5 1.58 0 0.0 -1.07 
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7.2  FREEFORM NATURALISTIC EXPERIMENTS 
This section details the results of unconstrained butchering exercises performed by six 
butchers on lamb femora (see Appendix I: Table 4). The freeform naturalistic experiments 
test the production of BSMs in a setting as close to naturalistic as possible. The aim of this 
section is to understand how the control of independent variables from Chapters 6 and 7.1 can 
help identify different BSM characteristics created during the freeform naturalistic 
experiments. This section will also answer research question 3: How is butchery mark 
morphology affected when force, velocity, and angle are controlled relative to freeform 
butchery actions? The naturalistic freeform experiments were uncontrolled, therefore, the 
results are discussed through the individual butcher assemblages in order to capture 
individual variation between butchers. Measurements were taken using the polygon tool for 
percussion damage areas and the polyline tool for cut mark lengths under microscopy (Table 
7.8 and Table 7.9). 
Table 7.8 Summary statistics for percussion mark area produced by naturalistic butchery (mm²). 
Minimum 
(mm²) 
Maximum 
(mm²) 
Mean 
(mm²) 
Standard error 
(mm²) 
Standard deviation 
(mm²) 
Median 
(mm²) 
13.94 201.97 68.22 5.89 40.78 64.35 
 
Table 7.9 Summary statistics for cut mark lengths produced by naturalistic butchery (mm). 
Minimum 
(mm) 
Maximum 
(mm) 
Mean 
(mm) 
Standard error 
(mm) 
Standard deviation 
(mm) 
Median 
(mm) 
2.16 28.22 9.99 0.40 5.31 8.79 
 
7.2.1 PERCUSSION EXPERIMENTS 
The location of microstriations changes little among the assemblages (χ² = 12.98, p = 0.22), 
with marks located inside and outside of marks comprising the majority of the assemblages, 
followed by microstriations located inside marks only and emanating from within marks 
(Table 7.10). There is little variation in the location of the main marks across the assemblages 
(χ² = 7.58, p = 0.67), with marks located along the fracture edge dominating, followed by 
marks located isolated on the bone surface (Table 7.10). Primary percussion mark type shows 
little change across the butchers (χ² = 34.07, p = 0.11), with bone compaction comprising the 
majority of the assemblages, followed by percussion pits, gouges, and microstriation patches 
(Table 7.10). There is little change in secondary percussion mark type between the butchers 
(χ² = 29.39, p = 0.50), with bone compaction and microstriation patches dominating the 
assemblages, followed by percussion pits, bone delamination, and crushing damage (Table 
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7.10). Tertiary percussion mark type differs significantly between the butchers (χ² = 450.07s, 
p < 0.01), with microstriation patches dominating the assemblages, followed by bone 
delamination and compaction. Bone compaction was significantly under-represented in 
Butcher 2’s assemblage and over-represented in the Butcher 5 and 6 assemblages. Butcher 
6’s assemblage also shows that percussion pits and marks without further tertiary damage are 
significantly over-represented, with bone delamination significantly under-represented (Table 
7.10). The presence of bruising at the mark site shows little change between butchers (χ² = 
2.52, p = 0.77), with the feature present on the vast majority of the assemblages (Table 7.10).  
7.2.2 CUTTING EXPERIMENTS 
Groove trajectory significantly differs between butchers (χ² = 51.25, p < 0.01), with straight 
trajectories dominating in Butcher 2, 4, and 6’s assemblages and curvy trajectories 
dominating in Butcher 1, 3, and 5’s assemblages. Straight trajectories are significantly over-
represented in the Butcher 2, 4, and 6 assemblage and under-represented in the Butcher 1 and 
5 assemblage, with sinuous trajectories significantly over-represented in the Butcher 1 and 5 
assemblages (Table 7.11). The presence of barbs differs significantly among butchers (χ² = 
35.14, p < 0.01), with the feature present on 10.5 – 84% of the assemblages. Barbs are 
significantly over-represented in the Butcher 1 assemblage and under-represented in the 
Butcher 5 and 6 assemblages. Groove shape is shown to change little across the butchers (χ² = 
5.81, p = 0.33), with wide V-shaped grooves comprising the majority of the assemblage 
(Table 7.11). Groove symmetry varies significantly across the butchers (χ² = 27.00, p < 0.01), 
with grooves with asymmetric profiles constituting the majority of the assemblages (Figure 
7.3). Asymmetric grooves are significantly over-represented in the Butcher 3 and 6 
assemblages and under-represented in the Butcher 2 and 4 assemblages (Table 7.11). The 
presence of shoulder effect differs significantly among the butchers (χ² = 60.97, p < 0.01), 
with the majority of marks recording this feature. Grooves with shoulder effect are 
significantly over-represented in Butcher 2 and 4’s assemblages and under-represented in 
Butcher 3 and 6’s assemblages (Table 7.11). Shoulder flaking was present on just 15% (N = 
29) of the total assemblage and did not differ significantly between the butcher’s assemblages 
(χ² = 4.27, p = 0.51; Table 7.11). The presence of internal microstriations differ significantly 
across the butchers (χ² = 15.13, p < 0.01), with the feature dominating the assemblages and 
significantly under-represented in Butcher 2’s assemblage (Table 7.11). Internal 
microstriation trajectory significantly differs between butchers (χ² = 49.58, p < 0.01), with 
continuous internal trajectories dominating the assemblages. Continuous internal trajectories 
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are significantly under-represented in the Butcher 1 and 5 assemblages and over-represented 
in the Butcher 6 assemblage. Discontinuous internal trajectories are significantly over-
represented in the Butcher 1 and 5 assemblages and under-represented in the Butcher 6 
assemblage (Table 7.11). The shape of internal microstriation trajectory differs significantly 
between the six butchers (χ² = 70.26, p < 0.01), with irregularly shaped trajectories recorded 
on the majority of marks. Straight internal trajectories are significantly under-represented in 
the Butcher 1, 3, and 5 assemblages and over-represented in the Butcher 4 and 6 assemblages. 
Irregularly shaped microstriations are significantly over-represented in the Butcher 1, 3, and 5 
assemblages and under-represented in the Butcher 4 and 6 assemblages (Table 7.11). Finally, 
there are significant differences in the location of microstriations (χ² = 49.74, p < 0.01), with 
microstriations primarily located on both the walls and bases of grooves, followed by 
microstriations located on the bottom of grooves. Microstriations on the bottom of grooves 
are significantly over-represented in the Butcher 1 and 3 assemblages, while under-
represented in the Butcher 4, 5, and 6 assemblages. Microstriations located on both the 
bottoms and walls of grooves are significantly over-represented in Butcher 4 and 6’s 
assemblages and under-represented in Butcher2’s assemblage (Table 7.11).  
 
Figure 7.3 Summary of the significant differences in morphology between the six butchers during freeform butchery in a 
“naturalistic” setting.  
 
  
Butcher 1 Butcher 2 Butcher 3 Butcher 4 Butcher 5 Butcher 6 
Sinuous 
Barbs 
No shoulder 
effect 
Discontinuous 
& irregular 
microstriae 
Straight 
Symmetric 
No shoulder 
effect 
Absent internal 
microstriae 
Asymmetric 
Shoulder effect 
Irregular 
microstriae 
Straight 
Symmetric 
Straight 
microstriae 
Sinuous 
No barbs 
Discontinuous 
& irregular 
microstriae 
Straight 
No barbs 
Wide  
Asymmetric 
Shoulder effect 
Continuous & 
straight 
microstriae 
Actions most likely prevalent in the assemblage: 
Combination: 
Slicing 
Scraping 
Combination: 
Cutting 
Scraping 
Slicing Cutting Scraping Combination: 
Cutting 
Scraping 
 137 
Table 7.10 Frequency of naturalistic freeform percussion marks by butcher. Chi-square test statistics and adjusted residuals (AR) are also reported, with significant values in bold. 
   B1 B2 B3 B4 B5 B6 
 Total % Total % AR Total % AR Total % AR Total % AR Total % AR Total % AR 
Location of microstriations (χ² = 12.98, p = 0.22)                   
Inside only 34 30.4 2 22.2 -0.62 11 34.4 0.72 2 25.0 -0.41 7 43.8 1.36 7 29.2 -0.12 5 21.7 -1.13 
Outside only 2 1.8 0 0.0 -- 1 3.1 -- 0 0.0 -- 0 0.0 -- 1 4.2 -- 0 0.0 -- 
Emanating 26 23.2 5 55.6 2.31 4 12.5 -1.62 3 37.5 0.92 3 18.8 -0.40 3 12.5 -1.39 8 34.8 1.35 
Inside and outside 48 42.9 2 22.2 -1.40 15 46.9 0.72 3 37.5 -0.41 5 31.3 -0.93 13 54.2 1.31 10 43.5 -0.11 
Absent 2 1.8 0 0.0 -- 1 3.1 -- 0 0.0 -- 1 6.3 -- 0 0.0 -- 0 0.0 -- 
Location of main mark (χ² = 10.59, p = 0.78)                   
Fracture edge 54 48.2 5 55.6 0.46 16 50.0 0.24 5 62.5 0.84 9 56.3 0.69 9 37.5 -1.19 10 43.5 -0.51 
At crack 8 7.1 0 0.0 -0.87 4 12.5 1.39 0 0.0 -0.81 2 12.5 0.90 2 8.3 0.26 0 0.0 -1.49 
In notch 4 3.6 0 0.0 -0.60 1 3.1 -0.16 0 0.0 -0.56 0 0.0 -0.83 1 4.2 0.18 2 8.7 1.49 
Isolated 46 41.1 4 44.4 0.21 11 34.4 -0.91 3 37.5 -0.21 5 31.3 -0.86 12 50.0 1.00 11 47.8 0.74 
Main mark type – primary (χ² = 34.07, p = 0.11)                   
Pit 33 29.5 4 44.4 1.24 12 37.5 1.31 5 62.5 2.36 5 31.3 0.26 5 20.8 -1.33 2 8.7 -2.48 
Gouge 12 10.7 1 11.1 0.14 5 15.6 1.14 1 12.5 0.27 3 18.8 1.18 2 8.3 -0.59 0 0.0 -1.89 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 8 7.1 2 22.2 1.99 1 3.1 -0.99 1 12.5 0.71 1 6.3 -0.11 1 4.2 -0.76 2 8.7 0.28 
Microstriation patch 12 10.7 0 0.0 -1.02 3 9.4 -0.22 0 0.0 -0.96 1 6.3 -0.58 5 20.8 1.55 3 13.0 0.34 
Crushing 1 0.9 0 0.0 -1.02 1 3.1 -0.22 0 0.0 -0.96 0 0.0 -0.58 0 0.0 1.55 0 0.0 0.34 
Delamination 0 0.00 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Displacement 0 0.00 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Compaction 46 41.1 2 22.2 -0.98 10 31.3 -1.13 1 12.5 -1.51 6 37.5 -0.19 11 45.8 0.07 16 69.6 2.86 
Main mark type – secondary (χ² = 29.39, p = 0.50)                    
Pit 16 14.3 1 11.1 -0.28 6 18.8 0.85 0 0.0 -1.20 3 18.8 0.55 3 12.5 -0.28 3 13.0 -0.19 
Gouge 2 1.8 0 0.0 -0.42 1 3.1 0.68 0 0.0 -0.40 0 0.0 -0.58 1 4.2 0.99 0 0.0 -0.73 
Divot 0 0.00 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 0 0.00 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Microstriation patch 31 27.7 3 33.3 0.40 5 15.6 -1.80 2 25.0 -0.18 3 18.8 -0.86 7 29.2 0.18 11 47.8 2.42 
Crushing 14 12.5 1 11.1 -0.13 2 6.3 -1.26 1 12.5 0.00 3 18.8 0.82 4 16.7 0.70 3 13.0 0.09 
Delamination 15 13.4 0 0.0 -1.23 6 18.8 1.05 0 0.0 -1.15 1 6.3 -0.91 5 20.8 1.21 3 13.0 -0.06 
Displacement 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Compaction 33 29.5 4 44.4 1.03 12 37.5 1.18 5 62.5 2.13 6 37.5 0.76 4 16.7 -1.55 2 8.7 -2.45 
N/A 1 0.9 0 0.0 -0.30 0 0.0 -0.64 0 0.0 -0.28 0 0.0 -0.41 0 0.0 -0.52 1 4.3 1.98 
Main mark type – tertiary (χ² = 450.07, p < 0.01)                   
Pit 1 0.9 0 0.0 -0.30 0 0.0 -0.64 0 0.0 -0.28 0 0.0 -0.41 0 0.0 -0.52 1 4.3 1.98 
Gouge 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Divot 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Percussion groove 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Microstriation patch 48 42.9 6 66.7 1.51 14 43.8 0.12 5 62.5 1.17 6 37.5 -0.47 9 37.5 -0.60 8 34.8 -0.88 
Crushing 10 8.9 1 11.1 0.24 4 12.5 0.84 1 12.5 0.37 3 18.8 1.49 1 4.2 -0.92 0 0.0 -1.68 
Delamination 18 16.1 1 11.1 -0.42 8 25.0 1.63 2 25.0 0.71 4 25.0 1.05 3 12.5 -0.54 0 0.0 -2.35 
Displacement 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Compaction 13 11.6 1 11.1 -0.05 0 0.0 -2.43 0 0.0 -1.06 0 0.0 -1.57 6 25.0 2.31 6 26.1 2.43 
N/A 22 19.6 0 0.0 -1.55 6 18.8 -0.15 0 0.0 -1.45 3 18.8 -0.10 5 20.8 0.17 8 34.8 2.05 
Bruising (χ² = 2.52, p = 0.77)                   
Present 111 99.1 9 100.0 0.08 31 96.9 -0.71 8 100.0 0.07 16 100.0 0.14 24 100.0 0.21 23 100.0 0.21 
Absent 1 0.9 0 0.0 -0.08 1 3.1 0.71 0 0.0 -0.07 0 0.0 -0.14 0 0.0 -0.21 0 0.0 -0.21 
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Table 7.11 Frequency of naturalistic freeform cutting marks by butcher. Chi-square test statistics and adjusted residuals (AR) are also reported, with significant values in bold. 
   B1 B2 B3 B4 B5 B6 
 Total % Total % AR Total % AR Total % AR Total % AR Total % AR Total % AR 
Groove trajectory (χ² = 51.25, p < 0.01)                   
Straight 100 51.6 3 12.0 -4.24 26 74.3 2.97 19 43.2 -1.26 33 64.7 2.19 4 20.0 -2.98 15 78.9 2.52 
Curvy 72 37.1 13 52.0 1.65 8 22.9 -1.93 21 47.7 1.66 15 29.4 -1.33 11 55.0 1.75 4 21.1 -1.53 
Sinuous 22 11.3 9 36.0 4.17 1 2.9 -1.75 4 9.1 -0.54 3 5.9 -1.43 5 25.0 2.03 0 0.0 -1.64 
Barb (χ² = 35.14, p < 0.01)                   
Present 80 41.2 21 84.0 4.65 13 37.1 -0.54 23 52.3 1.69 18 35.3 -1.00 3 15.0 -2.52 2 10.5 -2.86 
Absent 114 58.8 4 16.0 -4.65 22 62.9 0.54 21 47.7 -1.69 33 64.7 1.00 17 85.0 2.52 17 89.5 2.86 
Groove shape (χ² = 5.81, p = 0.33)                   
Narrow V 50 25.8 8 32.0 0.76 10 28.6 0.42 14 31.8 1.04 12 23.5 -0.43 5 25.0 -0.08 1 5.3 -2.15 
Wide \_/ 144 74.2 17 68.0 -0.76 25 71.4 -0.42 30 68.2 -1.04 39 76.5 0.43 15 75.0 0.08 18 94.7 2.15 
Symmetry (χ² = 27.00, p < 0.01)                   
Symmetrical 64 33.0 6 24.0 -1.02 17 48.6 2.17 9 20.5 -2.01 27 52.9 3.53 5 25.0 -0.80 0 0.0 -3.22 
Asymmetrical 130 67.0 19 76.0 1.02 18 51.4 -2.17 35 79.5 2.01 24 47.1 -3.53 15 75.0 0.80 19 100.0 3.22 
Shoulder effect (χ² = 60.97, p < 0.01)                   
Present 127 65.5 6 24.0 -4.67 11 31.4 -4.68 40 90.9 4.04 36 70.6 0.90 15 75.0 0.95 19 100.0 3.33 
Absent 67 34.5 19 76.0 4.67 24 68.6 4.68 4 9.1 -4.04 15 29.4 -0.90 5 25.0 -0.95 0 0.0 -3.33 
Flaking on shoulder (χ² = 4.27, p = 0.51)                   
Present  29 15.0 2 8.0 -1.04 3 8.6 -1.17 7 15.9 0.20 8 15.7 0.17 5 25 1.33 4 21.1 0.79 
Absent 165 85.0 23 92.0 1.04 32 91.4 1.17 37 84.1 -0.20 43 84.3 -0.17 15 75.0 -1.33 15 78.9 -0.79 
Internal microstriations (χ² = 15.13, p < 0.01)                   
Present 184 95.9 25 100.0 1.25 29 82.9 -3.54 44 100.0 1.76 48 94.1 -0.27 19 95.0 0.03 19 100.0 1.07 
Absent 10 5.1 0 0.0 -1.25 6 17.1 3.54 0 0.0 -1.76 3 5.9 0.27 1 5.0 -0.03 0 0.0 -1.07 
Microstriation trajectory (χ² = 49.58, p < 0.01)                   
Continuous 140 72.2 13 52.0 -2.41 25 71.4 -0.11 36 81.8 1.62 40 78.4 1.16 7 35.0 -3.92 19 100.0 2.85 
Discontinuous 44 22.7 12 48.0 3.24 4 11.4 -1.76 8 18.2 -0.81 8 15.7 -1.39 12 60.0 4.21 0 0.0 -2.49 
Absent 10 5.1 0 0.0 -1.25 6 17.1 3.54 0 0.0 -1.76 3 5.9 0.27 1 5.0 -0.03 0 0.0 -1.07 
Microstriation shape (χ² = 70.26, p < 0.01)                   
Straight 75 38.7 2 8.0 -3.37 17 48.6 1.33 7 15.9 -3.52 31 60.8 3.78 3 15.0 -2.29 15 78.9 3.80 
Irregular 109 56.2 23 92.0 3.87 12 34.3 -2.88 37 84.1 4.24 17 33.3 -3.83 16 80.0 2.27 4 21.1 -3.25 
Absent 10 5.1 0 0.0 -1.25 6 17.1 3.54 0 0.0 -1.76 3 5.9 0.27 1 5.0 -0.03 0 0.0 -1.07 
Microstriation location (χ² = 49.74, p < 0.01)                   
Walls 0 0.0 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 0 0.0 -- 
Bottom 32 16.5 9 36.0 2.82 9 25.7 1.62 14 31.8 3.11 0 0.0 -3.70 0 0.0 -2.10 0 0.0 -2.04 
Both 152 78.4 16 64.0 -1.87 20 57.1 -3.37 30 68.2 -1.86 48 94.1 3.18 19 95.0 1.91 19 100.0 2.41 
Absent 10 5.1 0 0.0 -1.25 6 17.1 3.54 0 0.0 -1.76 3 5.9 0.27 1 5.0 -0.03 0 0.0 -1.07 
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8. DISCUSSION AND CONCLUSIONS 
Success in paleoecology, paleobiogeography, and evolutionary studies often 
depends upon the worker’s ability to strip away the taphonomic overprint. 
        D. Lawrence, Taphonomy, 1979. 
The application of actualistic research in association with Middle Range Theory is important 
in archaeological science, as it enables inferences for behaviours and activities based on 
analogy and uniformitarianism (Binford 1981a,b; Leatherdale 1974; Pickering and Hensley-
Marschand 2008; Seetah 2008). If the actualistic analogues differ in significant ways from the 
traces found in the archaeological record, then the link between the actor, action, and effector 
becomes more tenuous (Gifford-Gonzalez 1991). This can affect interpretations of site 
formation and hominin behaviour in ways that may sometimes be contentious (Chapter 2). 
The focus of this thesis was to explore how different variables in the creation of BSM and 
methods used to clean / prepare experimental bone assemblages (BSMs) influence their 
overall morphology. Being able to distinguish between BSM morphologies and the variables 
that influenced them is important as they can indicate patterns of behaviour with higher levels 
of confidence than current approaches allow. 
This was investigated through three research questions:  
1. How do preparation methods of experimental taphonomic assemblages affect BSM 
morphology?  
2. How is butchery mark morphology affected when force, velocity, and angle are 
controlled mechanically? 
3. How is butchery mark morphology affected when force, velocity, and angle are varied 
under controlled versus freeform butchery conditions? 
This chapter discusses the data for each of the three research questions and how they fit into 
current BSM research, before assessing the applications and implications of the data in 
relation to the literature. This is followed by the conclusions of the study and some ideas for 
future directions.  
8.1. RESEARCH SUB-QUESTION 1: HOW DO PREPARATION METHODS OF EXPERIMENTAL 
TAPHONOMIC ASSEMBLAGES AFFECT BSM MORPHOLOGY?  
The results from Chapter 5 indicate that commonly used methods for the preparation of 
experimental assemblages adversely affect BSM morphology by altering the groove 
trajectory, shape, and symmetry, and the presence of barbs, shoulder effect, flaking, and 
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internal microstriations. Across the five experimental assemblages, the majority of marks 
before treatment were recorded as having a straight, symmetrical, narrow V-shaped groove, 
with barbs and shoulder effect present, flaking along the shoulder, and internal 
microstriations that were continuous, straight, and located on both the walls and bases of the 
grooves. After treatment, however, the majority of cut marks displayed a sinuous, 
asymmetric, wide V-shaped groove, with no associated barbs or shoulder effect, and, 
although internal microstriations were present, they were discontinuous, irregular, and 
located either on the bases only, or along both walls and bases (Figure 8.1; Table 8.1). Even 
though the data indicate that most of these methods are destructive to some extent, the least 
destructive method was the cold water maceration treatment.  
 
Figure 8.1 General trends of significant changes to cut mark traits before and after treatment 
As the most commonly used method for cleaning experimental assemblages, tap water 
boiling affected both the bone surface and BSM morphology from as early as 15 minutes of 
thermal exposure (Table 5.1). Bleaching of the bone surface and staining on the interior of 
the mark also occurred from the 15-minute mark, with colour contrasts observed between the 
marks and bone surface in Figure 5.1. After tap water treatment, BSM morphology shows a 
general shift from straight, narrow, symmetrical grooves with barbs, shoulder striae and 
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flaking, and internal microstriations present towards majority curvy, wide, asymmetrical 
groove with barbs, shoulder striae and flaking not present (Table 5.1). As the assumed gentler 
approach to cleaning experimental bones (Davis and Payne 1992; Monnier and Bischoff 
2014; Njau 2006), prolonged simmering caused significant changes to both the bone surface 
texture and colour, and BSM morphology from 15 minutes through to 360 minutes (Figure 
5.3). After treatment, there was a discernible shift in groove morphology from straight, 
narrow, and symmetrical grooves to sinuous, wide, asymmetrical grooves (Table 5.3).  
The addition of laundry powder also affected the bone surface through the buildup of a layer 
of white, chalky residue across the bones that was observed after just 15 minutes of treatment 
(Figure 5.5). As boiling time increases, the bone surfaces gradually appeared more bleached 
and dried out with shoulder flaking and internal microstriations less likely to occur after 90 
minutes (Table 5.5). After treatment, there was a noticeable shift in the BSM morphology 
from straight, narrow, and symmetrical grooves to sinuous, wide, and asymmetrical grooves. 
Unlike the other boiling experiments, laundry liquid boiling does not show the same 
immediate changes to the bone surface or BSM morphology (Figure 5.7). From 90 minutes of 
treatment, however, there is a decrease in the incidence of shoulder flaking and internal 
microstriations, with grooves appearing both shallower and wider (Table 5.7). By the 180-
minute mark, the shallower tails of the cut marks have eroded away. This erosion at the tails 
of cut marks is shown to affect the length of the grooves after treatment and is associated 
with significant differences in cut mark lengths in Table 5.8 (see also Figure 5.8). Though 
there is no chalky residue on the bone surface, like with the laundry powder boiling 
experiment, the surface of the bone after boiling in laundry liquid appears brittle and more 
likely to exfoliate away, potentially removing portions of marks with it. This phenomenon is, 
in part, due to the alkalinity of the water after the addition of the laundry liquid. The water 
reacts with the additives to lower the alkalinity and soften the water. This process of 
softening negates the buildup of any magnesium and calcium (which can lead to limescale 
and galvanic corrosion) occurring naturally in “hard” water in favour of a more sodium-rich 
“soft” water compound, which is more compatible with the liquid detergent (Broze 2006; Lai 
2006; Sachdev et al. 2006). This process can also soften and dry out bone, due to the removal 
of magnesium and calcium, causing the exposed surface to appear brittle or partially 
exfoliated. Whereas the powder has bubbles to exfoliate the surface and remove loose flecks, 
the laundry liquid did not have the same in-built agitator that foamed up when heated.  
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Table 8.1 Frequency of cut mark characteristics before and after preparation (total experiment assemblages). Percentages in parentheses. 
 TOTAL Tap Water Boiling Prolonged Simmering Laundry Powder Boiling Laundry Liquid Boiling Maceration 
 Before After Before After Before After Before After Before After Before After 
Groove trajectory           
Straight 934 (77.4) 98 (8.1) 216 (78.3) 75 (27.2) 207 (76.7) 2 (0.7) 217 (80.1) 17 (6.3) 198 (72.0) 4 (1.5) 96 (83.5) 0 
Curvy 265 (22.0) 340 (28.2) 56 (20.3) 99 (35.9) 62 (23.0) 46 (17.0) 53 (19.6) 112 (41.3) 76 (27.6) 59 (21.5) 18 (15.7) 24 (20.9) 
Sinuous 8 (0.6) 736 (61.0) 4 (1.4) 93 (33.7) 1 (0.4) 220 (81.5) 1 (0.4) 125 (46.1) 1 (0.4) 207 (75.3) 1 (0.8) 91 (79.1) 
Unknown 0 33 (2.7) 0 9 (3.3) 0 2 (0.7) 0 17 (6.3) 0 5 (1.8) 0 0 
Barb           
Present 1160 (96.1) 46 (3.8) 238 (86.2) 29 (10.5) 268 (99.3) 0 264 (97.4) 5 (1.8) 275 (100) 2 (0.7) 115 (100) 10 (8.7) 
Absent 47 (3.9) 1161 (96.2) 38 (13.8) 247 (89.5) 2 (0.7) 270 (100) 7 (2.6) 266 (98.2) 0 273 (99.3) 0 105 (91.3) 
Groove shape           
Narrow V 938 (77.7) 314 (26.0) 170 (61.6) 51 (18.5) 223 (82.6) 84 (31.1) 236 (87.1) 72 (26.6) 248 (90.2) 85 (30.9) 61 (53.0) 22 (19.1) 
Wide \_/ 269 (22.3) 873 (72.3) 106 (38.4) 224 (81.2) 47 (17.4) 184 (68.1) 35 (12.9) 185 (68.3) 27 (9.8) 187 (68.0) 54 (47.0) 93 (80.9) 
Unknown  0 20 (1.7) 0 1 (0.4) 0 2 (0.7) 0 14 (5.2) 0 3 (1.1) 0 0 
Symmetry           
Symmetrical 909 (75.3) 148 (12.3) 99 (35.9) 58 (21.0) 268 (99.3) 16 (5.9) 192 (70.8) 44 (16.2) 256 (93.1) 16 (5.8) 94 (81.7) 14 (12.2) 
Asymmetrical 298 (24.7) 1043 (86.4) 177 (64.1) 217 (78.6) 2 (0.7) 253 (93.7) 79 (29.2) 214 (79.0) 19 (6.9) 258 (93.8) 21 (18.3) 101 (87.8) 
Unknown  0 16 (1.3) 0 1 (0.4) 0 1 (0.4) 0 13 (4.8) 0 1 (0.4) 0 0 
Shoulder effect           
Present 1192 (98.8) 451 (37.4) 263 (95.3) 65 (23.6) 270 (100) 125 (46.3) 269 (99.3) 48 (17.7) 275 (100) 166 (60.4) 115 (100) 47 (40.9) 
Absent 15 (1.2) 756 (62.6) 13 (4.7) 211 (76.4) 0 145 (53.7) 2 (0.7) 223 (82.3) 0 109 (39.6) 0 68 (59.1) 
Flaking on shoulder           
Present  1205 (99.8) 338 (28.0) 275 (99.6) 107 (38.8) 270 (100) 112 (41.5) 270 (99.6) 8 (3.0) 275 (100) 80 (29.1) 115 (100) 31 (27.0) 
Absent 2 (0.2) 869 (72.0) 1 (0.4) 169 (61.2) 0 158 (58.5) 1 (0.4) 263 (97.0) 0 195 (70.9) 0 84 (73.0) 
Internal microstriations           
Present 1207 (100) 908 (75.2) 276 (100) 194 (70.3) 270 (100) 211 (78.1) 271 (100) 180 (66.4) 275 (100) 224 (81.5) 115 (100) 99 (86.1) 
Absent 0 299 (24.8) 0 82 (29.7) 0 59 (21.9) 0 91 (33.6) 0 51 (18.5) 0 16 (13.9) 
Microstriation trajectory           
Continuous 1152 (95.4) 77 (6.4) 227 (82.2) 20 (7.2) 270 (100) 4 (1.5) 267 (98.5) 13 (4.8) 273 (99.3) 6 (2.2) 115 (100) 34 (29.6) 
Discontinuous 55 (4.6) 831 (68.8) 49 (17.8) 174 (63.0) 0 207 (76.7) 4 (1.5) 167 (61.6) 2 (0.7) 218 (79.3) 0 65 (56.5) 
Absent 0 299 (24.8) 0 82 (29.7) 0 59 (21.9) 0 91 (33.6) 0 51 (18.5) 0 16 (13.9) 
Microstriation shape           
Straight 955 (79.1) 138 (11.4) 189 (68.5) 136 (49.3) 212 (78.5) 0 230 (84.9) 1 (0.4) 226 (82.2) 1 (0.4) 98 (85.2) 0 
Irregular 252 (20.9) 770 (63.8) 87 (31.5) 58 (21.0) 58 (21.5) 211 (78.1) 41 (15.1) 179 (66.1) 49 (17.8) 223 (79.3) 17 (14.8) 99 (86.1) 
Absent 0 299 (24.8) 0 82 (29.7) 0 59 (21.9) 0 91 (33.6) 0 51 (18.5) 0 16 (13.9) 
Microstriation location           
Walls 1 (0.1) 68 (5.6) 1 (0.4) 17 (6.2) 0 16 (5.9) 0 9 (3.3) 0 22 (8.0) 0 4 (3.5) 
Bottom 409 (34.0) 393 (32.6) 30 (10.9) 44 (15.9) 120 (44.4) 97 (35.9) 132 (48.7) 104 (38.4) 95 (34.5) 114 (41.5) 33 (28.7) 34 (29.6) 
Both 795 (65.9) 447 (37.0) 245 (88.8) 133 (48.2) 150 (55.6) 98 (36.3) 139 (51.3) 67 (24.7) 180 (65.5) 88 (32.0) 82 (71.3) 61 (53.0) 
Absent 0 299 (24.8) 0 82 (29.7) 0 59 (21.9) 0 91 (33.6) 0 51 (18.5) 0 16 (13.9) 
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Maceration over a 48-hour period affected both the bone surface and the BSM morphology 
(Table 8.1). Cold-water and warm-water maceration mainly affected the presence of shoulder 
flaking and internal microstriation morphology (Figure 5.9). Hot-water maceration also 
showed a general reduction across the observed trait frequencies and overall size of cut 
marks. There was substantial variation in the amount of change in BSM morphology across 
the three maceration treatments, however, the hot-water maceration assemblage was not as 
severely affected comparatively (Table 5.9). Lastly, there were significant differences across 
the three maceration assemblages in cut mark length before compared to after treatment 
(Table 5.10; Figure 5.10).  
Cut mark size has long been used as a key variable in cut mark identification (e.g. Binford 
1981b; Lupo 1994), as well as in actor and effector identification (e.g. Greenfield 1999, 2006; 
Krasinski 2016; O’Driscoll and Thompson 2014; Olsen and Shipman 1988); however, recent 
studies have demonstrated that cut mark size is also influenced by the type and size of carcass 
butchered. Archer and Braun (2013) found that mark size differs between species, which, as a 
result, can affect the ability of a researcher to document it; additionally, cut mark size may 
also play a role in distinguishing cut marks by effector (e.g. Greenfield 1999; Krasinski 2016; 
Merritt 2012). Cut mark lengths were used in this study as a means to quantitatively assess 
the amount of change in the mark size and the results show that cut mark length changes 
through methods of preparation in two ways. First, the marks became exaggerated at the ends 
and measured longer than before preparation and, second, the marks became obscured/erased 
at the ends and measured shorter than before preparation. In light of these results, the use of 
cut mark lengths as a key variable in classifying experimental BSM is potentially 
inappropriate if the experimental bone assemblage was prepared thermally or chemically.  
Domínguez-Rodrigo et al. (2009a) used several criteria—including cut mark length—to 
attempt to characterise marks made with unretouched and retouched stone tools and 
trampling marks (Table 8.2), and found many of these variables—for example, trajectory, 
shoulder effect, presence and location of microstriations—useful to differentiate cut marks 
from trampling marks (Domínguez-Rodrigo et al. 2009a). The cut marked assemblages 
analysed in the 2009 study were taken from previous experiments, which involved 
disarticulation and complete defleshing of the carcasses before being broken open with a 
hammerstone and anvil and cleaned in a solution of water and detergent (Domínguez-Rodrigo 
1997: 673; Domínguez-Rodrigo and Barba 2005: 124). Grooves produced by unretouched 
flakes, retouched flakes, and humanly modified rocks (HURs) were predominantly straight 
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with barbs present and straight internal microstriations (Figure 8.2) (Domínguez-Rodrigo et 
al. 2009a, 2012; Monnier and Bischoff 2014), which was similar to the marks produced by 
unretouched flint flakes used for the method of preparation experiments in this thesis. The 
presence of barbs, shoulder effect, and shoulder flaking were removed from the majority of 
boiling and simmering cases in the method of preparation experiments, as well as a shift from 
narrow and symmetric grooves to wide and asymmetric grooves (Figure 8.1). The absence of 
shoulder effect and flaking on the Domínguez-Rodrigo et al. (2009a, 2012) and Monnier and 
Bishcoff (2014) assemblages could be an indication of the effect of boiling in detergent 
solution, rather than a characteristic of the influence of the effector on cut mark morphology. 
As no boiling time was given for cleaning the Domínguez-Rodrigo et al. (2009a, 2012) 
assemblages, it is difficult to ascertain if, and to what extent, other traits may be affected. 
Monnier and Bischoff (2014: 309) indicated a cleaning method of gentle boiling in tap water 
for five hours for the butchered assemblage and eight hours for the tumbled assemblage, 
which may call into question the recorded frequencies of groove shape and the morphology 
and location of internal microstriations (Table 8.2; Figure 8.2). Additionally, there were no 
high-resolution images in either text of the complete BSM to do a visual comparison between 
the studies (i.e. Domínguez-Rodrigo et al., Monnier and Bischoff, and this study). It is an 
unrealistic request that articles require a complete image library of all BSM examined; 
however, they should, ideally, be made accessible upon request. The implications for 
experimental BSM analysis are significant, as the cut mark results from Domínguez-Rodrigo 
et al. (2009a, 2012) have been repeatedly used to cast doubt on assemblages, such as Dikika 
(Domínguez-Rodrigo et al. 2010b, 2011); however, these results are likely not comparable to 
the Plio-Pleistocene record as there is no way to confidently differentiate between the actual 
mark morphology and the changes that occurred during preparation because the methods 
were not fully disclosed (e.g. the length of time boiled).  
Not only did BSMs differ in length after preparation, but the overall morphology of the marks 
were significantly different from fresh marks once cleaned (Chapter 5). The degree of change 
in mark morphology varied during different treatment types and times; however, substantial 
changes occurred after just 15 minutes of cleaning (e.g. Table 5.1). Groove trajectory, shape, 
and symmetry were significantly affected by all forms of thermal cleaning from the 15-
minute mark onwards, which indicates that boiling does more than remove adhering 
periosteum. This increases the potential that thermal cleaning erodes the bone surface, 
including any marks located there, to an extent that changes these traits (i.e. Tables 5.1, 5.3, 
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5.5, 5.7, and 5.9), particularly considering the experimental bones were largely defleshed 
prior to experimental damage and were further cleaned for analysis via dermestid colony (e.g. 
Parkinson 2012). Additionally, internal microstriation trajectory and the presence of flaking 
on the shoulder varied substantially when the bones were boiled; in some cases they were 
completely removed. This implies that the presence of these traits in experimental 
assemblages may not parallel those in archaeological contexts even when marks are produced 
by the same taphonomic processes. It has been suggested that these features may not preserve 
well enough on fossilised bone to be compared with modern experimental datasets or more 
recent assemblages (Thompson et al. 2015). Recently, shoulder flaking was used as a 
morphological feature to distinguish between cultural and non-cultural processes at Bluefish 
Caves (Bourgeon et al. 2017). Definitive shoulder flaking was recorded on 10% (N = 1) of 
cut marks from Bluefish Cave I and on 40% (N = 2) of cut marks from Bluefish Cave II (20% 
of the total 15 marks); however, the authors suggest that root etching, scavenging activities, 
and other natural processes may have eroded further evidence of human activity. In 
comparison, cut marks on the Firebrand Ground Sloth bones (roughly 4000+ cal BP younger 
than the assemblage at Bluefish Caves) clearly show the shoulder flaking feature on multiple 
marks (Redmond et al. 2012: Figure 10). The presence of the feature in the northern Ohio 
assemblage, while being absent in the Yukon Territory assemblage, could indicate a 
difference of preservation and fossilisation between the two North American localities. 
Further assessment, however, is required to differentiate marks using the same attributes in 
assemblages that have been cleaned through less invasive methods, such as dermestid colony 
(Hill 1975; Parkinson 2012). 
 
Figure 8.2 Summary of dominant cut mark traits using unretouched and retouched flakes (Domínguez-Rodrigo et al. 2009a), 
humanly-unmodified rocks (HURs) (Domínguez-Rodrigo et al. 2012), and HURs and a tumbler (Monnier and Bischoff 
2014).  
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Table 8.2 Experimental parameters and observed frequencies of categorical variables for cut mark distinctions: this study, Monnier and Bischoff 2014: Table 3 Domínguez-Rodrigo et al., 2009: 
Table 5, and Domínguez-Rodrigo et al., 2012: Table 3. Table recreated from Monnier and Bischoff (2014) Table 3 and expanded to include data from this study. 
 This study This study This study (Monnier and 
Bischoff 
2014) 
(Monnier and 
Bischoff 2014) 
(Domínguez-
Rodrigo et al. 
2009a) 
(Domínguez-
Rodrigo et al. 
2009a) 
(Domínguez-
Rodrigo et al. 
2009a) 
(Domínguez-
Rodrigo et al. 2012) 
Effector: 
Actor: 
Unretouched flakes 
Human, freeform 
butchering 
Unretouched flakes 
Human, controlled 
butchering 
Unretouched flakes 
Mechanical, 
butchering 
HURs 
Tumbler 
HURs 
Human, 
butchering 
Sand 
Human, trampling 
Unretouched flakes 
Human, butchering 
Retouched flakes 
Human, butchering 
HURs 
Human, butchering 
Mark trajectory         
Straight  100/194 (51.6%) 245/420 (58.3%) 120/189 (63.5%) 79/99 (79.8%) 81/95 (85.3%) 75/251 (29.8%) 230/246 (93.4%) 102/105 (97.1%) 91% 
Curvy 72/194 (37.1%) 126/420 (30%) 58/189 (30.7%) 45/99 (12.1%) 7/95 (7.4%) 42/521 (16.7%) 16/246 (6.5%) 0/105 (0%) 7.9% 
Sinuous 22/194 (11.3%) 49/420 (11.7%) 11/189 (5.8%) 8/99 (8.2%) 7/95 (7.4%) 134/251 (53.4%) 0/246 (0%) 3/105 (2.9%) 1.1% 
Barb          
Present 80/194 (41.2%) 271/420 (64.5%) 163/189 (72%) 98/99 (99.0%) 92/95 (96.8%) 245/251 (97.6%) 221/246 (89.8%) 99/105 (94.3%) No data (n.d.)  
Absent 114/194 (58.8%) 149/420 (35.5%) 53/189 (28%) 1/99 (1.0%) 3/95 (3.2%) 6/251 (2.4%) 25/246 (10.2%) 6/105 (5.7%) (n.d.) 
Mark shape          
Narrow V 50/194 (25.8%) 140/420 (33.3%) 65/189 (34.4%) 16/99 (16.2%) 15/95 (15.8%) 10/251 (4%) 238/246 (96.7%) 6/105 (5.7%) 31% 
Wide V 130/194 (74.2%) 280/420 (66.7%) 124/189 (65.6%) 83/99 (83.8%) 80/95 (84.2%) 241/251 (96%) 8/246 (3.3%) 99/105 (94.3%) 69% 
Mark symmetry         
Symmetrical 64/194 (33%) 172/420 (41%) 87/189 (46%) 52/99 (52.5%) 49/95 (51.6%) 226/251 (90%) 212/246 (86.2%) 42/105 (40%) (n.d.) 
Asymmetrical 130/194 (67%) 248/420 (59%) 102/189 (54%) 47/99 (47.5%) 46/95 (48.4%) 25/251 (10%) 34/246 (13.8%) 63/105 (60%) (n.d.) 
Shoulder effect         
Present 127/194 (65.5%) 338/420 (80.5%) 168/189 (88.9%) 1/99 (1.0%) 17/95 (17.9%) 15/251 (5.9%) 81/246 (32.9%) 78/105 (74.3%) 47% 
Absent 67/194 (34.5%) 82/420 (19.5%) 21/189 (11.1%) 98/99 (99.0%) 78/95 (82.1%) 236/251 (94.1%) 165/246 (67.1%) 27/105 (25.7%) 53% 
Flaking on shoulder         
Present 29/194 (14.9%) 183/420 (43.6%) 83/189 (43.9%) 1/99 (1.0%) 5/95 (5.3%) 7/251 (2.7%) 36/246 (14.6%) 54/105 (51.4%) 37% 
Absent 165/194 (85.1%) 237/420 (46.4%) 106/189 (56.1%) 98/99 (99.0%) 90/95 (94.7%) 244/251 (97.3%) 210/246 (85.4%) 51/105 (48.6%) 63% 
Internal microstriations         
Present 184/194 (94.9%) 413/420 (98.3%) 184/189 (97.3%) 86/99 (86.9%) 76/95 (80%) 188/251 (75%) 190/246 (77.2%) 105/105 (100%) (n.d.) 
Absent 10/194 (5.1%) 7/420 (1.7%) 5/189 (2.7%) 13/99 (13.1%) 19/95 (20%) 63/251 (25%) 56/246 (22.8%) 0/105 (0%) (n.d.) 
Microstriation trajectory         
Continuous 140/194 (72.2%) 313/420 (74.5%) 136/189 (71.9%) 36/99 (36.4%) 31/95 (32.6%) 169/251a (67.3%) 190/246 (77.2%) 105/105 (100%) (n.d.) 
Discontinuous 44/194 (22.7%) 100/420 (23.8%) 48/189 (25.4%) 47/99 (47.5%) 45/95 (47.4%) 82/251 (32.7%) 0/246 (0%) 0/105 (0%) (n.d.) 
Absent 10/194 (5.1%) 7/420 (1.7%) 5/189 (2.7%) 13/99 (13.1%) 19/95 (20%) 63/251 (25%) 56/246 (22.8%) 0/105 (0%) (n.d.) 
Shape of microstriation trajectory         
Straight 75/194 (38.7%) 220/420 (52.4%) 107/189 (56.6%) 85/99 (85.9%) 69/95 (72.6%) 140/169 (82.8%) 190/246 (77.2%) 105/105 (100%) (n.d.) 
Irregular 109/194 (56.2%) 193/420 (45.9%) 77/189 (40.7%) 1/99 (1.0%) 7/95 (7.4%) 29/169 (17.2%) 0/246 (0%) 0/105 (0%) (n.d.) 
Absent 10/194 (5.1%) 7/420 (1.7%) 5/189 (2.7%) 13/99 (13.1%) 19/95 (20%) 63/251 (25%) 56/246 (22.8%) 0/105 (0%) (n.d.) 
Location of microstriations         
Walls 0/194 (0%) 3/420 (0.7%) 2/189 (1.1%) 11/99 (11.1%) 17/95 (17.9%) 7/251 (2.8%) 180/246 (73.2%) 3/105 (2.9%) (n.d.) 
Bottom 32/194 (16.5%) 21/420 (5.0%) 9/189 (4.8%) 66/99 (66.7%) 50/95 (52.6%) 219/251 (87.2%) 0/246 (0%) 93/105 (88.6%) (n.d.) 
Both 152/194 (78.4%) 389/420 (92.6%) 173/189 (91.5%) 9/99 (9.1%) 9/95 (9.5%) 25/219 (10%) 10/246 (4.0%) 9/105 (8.6%) (n.d.) 
Absent 10/194 (5.1%) 7/420 (1.7%) 5/189 (2.7%) 13/99 (13.1%) 19/95 (20%) 63/251 (25%) 56/246 (22.8%) 0/105 (0%) (n.d.) 
a Values in bold, copied from Domínguez-Rodrigo et al., 2009, Table 5 (in Monnier and Bischoff 2014, Table 3), are mistakes in the original publication, since only 188 marks with microstriations are present in the 
sample and a total of 251, 219, and 169 marks are reported for the subsequent variables.   
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8.2. RESEARCH SUB-QUESTION 2: HOW IS BUTCHERY MARK MORPHOLOGY AFFECTED WHEN 
FORCE, VELOCITY, AND ANGLE ARE CONTROLLED MECHANICALLY? 
The results from Chapter 6 indicate that, with few exceptions, butchery mark morphology 
was not significantly affected by changes to mechanically controlled impact force, velocity, 
and angle. When impact angles were compared, no significant difference was observed in the 
incidence and type of percussion marks produced, or their location on the bone surface (Table 
6.2). A comparison between the three arm drop heights indicated that impact velocity did not 
affect the frequency of mark types and their locations (i.e. on fracture edge, at longitudinal 
crack, isolated; Table 6.3). With the exception of secondary mark type, altering impact force 
did not affect percussion mark type or location (Table 6.4). At high impact forces, 
delamination, bone displacement, and no further bone damage were observed at higher than 
expected frequencies, while microstriation patches at medium impact forces and crushing 
damage at low impact forces were more frequent than expected. These results indicate that, as 
one might expect, the higher the impact force, the more damage the strike imparts; that is, at 
lower impact forces there is less momentum to break the bone surface resulting in crushing 
damage, versus the horizontal displacement of bone observed at higher impact forces. This is 
similar to observations made by Dibble and Rezek (2009), that impact force required to 
remove a flake from a stone core is related to the size of the resultant flake. The lack of 
variation in the mechanical percussion results is potentially explained by a couple of reasons. 
First, the results suggest that force, velocity, and angle may not actually play a significant 
role in mark morphology, and that other variables, such as effector morphology, may be more 
influential. Second, the results suggest that the machine (BONES) does not capture the full 
range of variation of BSM production and, until it can, is not a robust comparative tool for 
understanding percussion mark morphology. Another possible reason is that the 
characteristics measured are simply not the ones that are being influenced by these variables. 
In either case, further experimentation and testing should be undertaken to confirm the 
assumption. 
The cut mark experiments displayed few traits with significant differences between the 
different assemblages. With the exception of groove shape, incision angle did not affect cut 
marks traits (Table 6.7). Narrow V-shaped grooves were significantly over-represented 
compared to expected values when the incision angle was held at 90°, whereas wide grooves 
were more likely observed when the incision angle was held at 45°. This indicates that 
incision angle influences groove shape with slicing marks more likely to appear as wide V-
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shaped grooves than perpendicular cutting marks. Slicing marks are more likely to be an 
indication of large flesh removal and, therefore, a potential indicator of primary access to 
carcasses in the archaeological record, than actions that produce perpendicular cutting marks, 
such as disarticulation (Greenfield 2006; Haynes 1991; Redmond et al. 2012). Manipulation 
of the incision velocity significantly influenced the presence of barbs, the shape of grooves 
and microstriation trajectories, whereas the remaining seven traits were not affected by 
differences in cutting velocity (Table 6.8). The shorter pull length (PL3: higher velocity) 
resulted in more barbs observed than would be expected, while the longer pull length (PL1: 
lower velocity) resulted in barbs in frequencies significantly less than expected. The higher 
frequencies of barbs at high velocity may indicate an instability in the grip of the tool during 
high versus low speed incisions, which is consistent with Shipman and Rose’s (1983a: 66) 
original explanation that barbs are formed by "small, inadvertent motions of the hand either 
in initiating or in terminating a stroke". It would follow that higher incision velocities would 
produce wider marks than expected, which was what was recorded (Table 6.8). Conversely, 
the over-representation of continuous internal microstriations in the PL3 assemblage is 
incongruous with Shipman and Rose’s observations (1983a), as the expectation would be for 
an abundance of discontinuous microstriations. This result is likely due to the stability of the 
stone tool in the locked grip of BONES; where a human may experience small, imperceptible 
tremors in their hand (and tool) during butchery actions, BONES does not, thus the lack of 
discontinuous internal microstriations. Finally, variation in cutting force did not significantly 
affect cut mark traits, except for groove trajectories and the presence of barbs (Table 6.9). 
Straight grooves were more likely to be observed at low incision forces, while curvy and 
sinuous groove trajectories were observed at higher than expected frequencies at high and 
medium forces, respectively. The results suggest that groove trajectory is influenced by the 
amount of force imparted on to the bone through the stone tool and that barbs are more likely 
to be produced when larger forces are applied. To fully display the significance and 
implications of these results they have to be taken in context with the results from Research 
Sub-Question 3.  
8.3. RESEARCH SUB-QUESTION 3: HOW IS BUTCHERY MARK MORPHOLOGY AFFECTED WHEN 
FORCE, VELOCITY, AND ANGLE ARE VARIED UNDER CONTROLLED VERSUS FREEFORM 
BUTCHERY CONDITIONS? 
The percussion and cutting assemblages show similar patterns between the controlled and 
freeform butchery experiments. Fewer significant differences in mark traits were observed 
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when percussion force, velocity, and angle were controlled, with the exception of tertiary 
percussion mark type when percussion impact angle was controlled (Table 7.2). Crushing 
damage and bone delamination were observed at frequencies higher than expected when the 
proximal end of the bone was raised and impacted, whereas compaction was higher than 
expected when the bone was held parallel to the ground. Additionally, while not quite 
significant (conservatively held at alpha = 0.01) primary percussion damage (p = 0.02) 
showed some differences in observed frequencies compared to expected values. When the 
bone was held parallel to the ground, percussion grooves were significantly over-represented, 
whereas crushing damage was over-represented when the proximal end was raised. When 
held parallel, the femoral bone is relatively stable with both epiphyseal ends resting on the 
ground, which could be indicative of the frequency of primary percussion grooves and 
tertiary bone compaction. Conversely, when the proximal end is raised, only the distal 
epiphysis is positioned to the ground, allowing for some flexibility when struck, which could 
indicate why there is a prevalence of primary and tertiary crushing damage and tertiary 
delamination (Table 7.2). The lack of significant difference in mark traits when impact angle 
was controlled indicates that mark type and location are mostly consistent regardless of how 
the bone is positioned, which corresponds to the results from mechanical experiments (Table 
6.2). In light of this, the prevalence of observed percussion grooves—an elongate shape of 
uniform depth, with a V or U-shaped cross-section and obvious compaction—as a primary 
damage type (parallel) suggests that they are more likely to occur when the bone is stabilised 
parallel to the ground (or anvil) (Galán et al. 2009; Kenady et al. 2011). Little difference in 
secondary mark types indicates that the majority of marks all show the same traits—that is 
microstriation patches, bone compaction, and crushing damage—at similar frequencies. The 
results suggest that these secondary mark types should be present on percussion marks 
regardless of how they were created.  
In light of these results, there are positive and negative implications for the archaeological 
record. The fact that there are few significant differences in percussion mark morphology 
regardless of which variable is altered indicates that marks will likely appear as identifiable 
percussion marks no matter how the bone was held or the strength of the percussive strike. 
This is important as it means that there are likely no alternative patterns or diagnostic features 
of percussion mark morphology that archaeologists are missing. On the other hand, this result 
may mean that we can never really know the nuanced behaviour that resulted in specific 
marks, in terms of how the bone was held or struck.  
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Mark traits were also consistent across the three controlled velocity assemblages (Table 7.3), 
indicating that velocity does not influence BSM morphology. These results agree with the 
findings from the mechanically controlled percussion velocity experiments (Table 6.3). When 
impact force was manipulated, only primary and secondary percussion mark types 
significantly differed between the assemblages (Table 7.4). Roughly one-third of controlled 
percussion marks displayed compaction as the primary damage type, followed by 
microstriation patches on one-quarter of the assemblage. Butcher 2 and 3 produced most of 
the variation in primary damage type, with Butcher 2’s assemblage significantly over-
representing bone compaction and under-representing pits and Butcher 3’s assemblage 
significantly over-representing divots, bone crushing, and delamination and under-
representing bone compaction. The observed frequencies of primary mark type traits in the 
remaining three assemblages, however, were not significantly different from the expected 
frequencies, suggesting that these traits are potentially predictable damage types regardless of 
impact force. Secondary percussion types showed more variation between expected and 
observed numbers. Microstriation patches dominated the secondary assemblage, with Butcher 
1, 3, and 4’s assemblages were significantly different from the expected frequencies. These 
results indicate that some of these samples may have been subjected to incidental 
hammerstone slippage, creating additional microstriation patches. The significant results 
correspond with the mechanically controlled percussion force experiments (Table 6.4). As 
previously discussed, there is a possibility that the variables used did not fully capture the 
broad array of variables required to produce a single percussion mark, and that other 
variables may be more influential. Although, similar to these results, the freeform 
experiments also showed little variation between the six butchers, with the single exception 
of tertiary percussion mark type (Table 7.7). These results indicate that percussion marks are 
similar regardless of force, velocity, and angle; however, opening up more variables, such as 
effector edge angle, to testing may provide a greater understanding of the influences of 
percussion mark morphology (e.g. Dibble and Rezek 2009; Rezek et al. 2011).  
Unlike the percussion experiments, the cutting experiments showed that multiple cut mark 
traits varied significantly between the controlled variables. When incision angle was 
manipulated between the three assemblages, only internal microstriation presence and 
morphology did not vary significantly (Table 7.8). Looking at just incision angles 90° and 
45/135°, however, showed that the two incision angles show more consistency in trait 
frequency than with the inclusion of the 15/165° (Appendix II: Table 1). When the 15/165° 
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assemblage was excluded to determine how cutting (90°) and slicing (45/165°) marks related 
to each other, the results showed that groove trajectory, shape, and symmetry significantly 
differed, indicating that incision angle can potentially be identified based on these features. 
Cutting marks (90°) are significantly more likely to be straight grooves, whereas slicing 
marks (45/135°) are significantly more likely to have wide V-shaped, asymmetric grooves. 
This is reflected in the mechanically controlled experiments, with straight grooves 
significantly over-represented in the IA1 (90°) assemblage and wide, asymmetric grooves 
significantly over-represented in the IA2 (45°) assemblage (Table 6.6). By including the 
15/165° assemblage, the traits that significantly differ expand to include barbs, shoulder 
effect, and shoulder flaking. In light of the results, it follows that scraping (15/165°) produces 
marks with reduced frequencies of barbs, shoulder effect, and shoulder flaking; whereas 
slicing and cutting actions produce marks with greater frequencies of barbs, shoulder effect, 
and flaking. Slicing and cutting marks have been shown to be morphologically distinct based 
on the combination of groove trajectory, shape, and symmetry. Overall, the results indicate 
that scraping actions produce marks that are morphologically distinct from both slicing and 
cutting mark morphology (Table 7.4; Appendix II: Table 1).  
Cut marks also differed significantly across the majority of traits when incision velocity and 
force were manipulated. Between the butchers, only shoulder effect, shoulder flaking, and the 
presence of internal microstriations showed no significant change, indicating that these traits 
are likely to appear regardless of the force or velocity imparted by the individual butchers 
(Table 7.5). As discussed above, the significant differences are likely due to the inclusion of 
scraping marks (15/165° angle) to the larger butcher assemblages. When the scraping 
experiments (15/165°) are excluded, however, the majority of cut mark traits are significantly 
different (Appendix II: Table 2). Scraping marks were produced differently to cutting and 
slicing marks, in that the stone flakes were held perpendicularly to the long-axis of the bone 
and were either pushed from proximal to distal or pulled from distal to proximal end. The 
resultant marks can run the entire anterior or posterior surface of the femur. Based on the 
results from the incision angle experiments, there was an expectation that slicing and cutting 
marks would follow similar results once the scraping assemblage was removed (as in 
Appendix II: Table 1). Interestingly, this was not the case as all of the traits showed 
significant differences between butchers, except for the presence of shoulder effect and the 
presence and location of internal microstriations. The results of both Table 7.5and Appendix 
II: Table 2 indicate that the force and velocity generated by the individual butchers was 
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enough to create cut marks with significantly different and easily discernible morphology 
(Figure 7.2), unlike the percussion experiments.  
Consistent with the previous cut mark results, the freeform cutting results showed significant 
differences with most mark traits between the six butchers (Table 7.7). Butcher 1, 3, and 5’s 
assemblages displayed a prevalence for non-straight, wide, asymmetric grooves, with no 
shoulder flaking. Based on the controlled butcher’s results, the freeform assemblages are 
comprised predominantly of scraping marks (Figure 7.3). Assemblages with a majority of 
straight trajectories also showed mostly wide V-shaped and symmetric grooves, as seen in 
Butcher 2, 4, and 6’s assemblages (Table 7.7), indicating that the assemblages were 
comprised of more slicing marks, than any other incision mark type. These interpretations 
were confirmed through analysis of video footage taken during experimentation. When 
flaking is present, it is present on marks made at a 90° or 45°/135° angle. Shoulder flaking 
was reported on very few (less than 5%) marks made at a scraping angle (15°/165°). This is 
important as the majority of the butchers employed scraping actions during the freeform 
butchery experiments to deflesh the bones efficiently. This prevalence of scraping actions in 
the freeform butchery experiments also increased the presence of overlapping striae from 
13% present in Domínguez-Rodrigo et al.’s (2009a) study to 44.8% present in this study 
(Table 8.2). The cut marked assemblages analysed by Domínguez-Rodrigo et al. (2009a) 
involved disarticulation and complete defleshing of ovicaprid, equid, and small (dik-dik, 
impala) and large (cows, wildebeest) bovid carcasses (Domínguez-Rodrigo 1997; 
Domínguez-Rodrigo and Barba 2005). The assemblage analysed by Monnier and Bischoff 
(2014: 307) involved butchery and tumbling of “ten frozen [and thawed] domestic turkey 
hind limbs”. The compositional differences in bone subjects utilised could be a contributing 
factor for the disparity between the experimental assemblages.  
8.4. APPLICATIONS AND BROADER IMPLICATIONS 
The aim of this research was to identify how different variables influence and affect 
experimental BSM morphology, for the purpose of enabling more robust identifications and 
interpretations of BSMs in the archaeological record based on controllable variables, such as 
force, velocity, and angle. This aim was tested through the assessment of experimental 
cleaning processes and through the production and analysis of BSM under varying conditions 
of control. The results of this study push forward and refine the current methodologies that 
are currently in use for zooarchaeological studies, in addition to broader issues of 
standardisation within archaeology. 
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Method of Preparation 
Studies of thermal alteration of bone have long been conducted; however, most of these 
studies examine the effect heating has on the bone structure and not on the marks themselves 
(e.g. Asmussen 2009; Bennett 1999; Koon et al. 2003; Nicholson 1993, 1996; Roberts et al. 
2002). This has potentially led to a lack of attention in the way archaeologists prepare 
experimental assemblages: that cooking the bones to remove flesh and periosteum produces 
negligible effects to the marks themselves. The results of the method of preparation 
experiments revealed that significant changes do occur to butchery cut marks on experimental 
assemblages that have been subjected to different methods of bone surface preparation 
(Chapter 5). This makes experimental bone surface modifications from studies using different 
methods of preparation less comparable to one another (Table 3.1), and opens a potential 
avenue for misidentification of archaeological traces (e.g. Domínguez-Rodrigo et al. 2009a, 
2010b, 2012; Monnier and Bischoff 2014). For example, Monnier and Bischoff (2014) 
compared their butchered and tumbled assemblages to Domínguez-Rodrigo et al.’s (2009a) 
butchered and trampled assemblages with contradictory results. The two assemblages used 
vastly different bone subjects—domestic turkey versus ovicaprid and bovid—and both used 
different preparation methods—five and eight hours of boiling in tap water versus an 
unspecified length of time in a detergent solution (Domínguez-Rodrigo et al. 2009a; Monnier 
and Bischoff 2014). That being said, fresh water boiling is a known aspect of later cooking 
culture (e.g. Clark and Harris 1985; Nielsen-Marsh and Hedges 2000; Wrangham 2009) and 
the results of this research could open a door to better identify cooked bone based of BSMs. 
Based on the results of this study, there are some inconsistencies between the three 
experimental studies, which is most likely due to the variation in preparation method (Table 
2.1). Ninety-two published experimental studies were categorised by the treatment method 
used; of these 48.9% (N = 45) utilised tap water boiling, 17.4% (N = 16) used prolonged 
(gentle) simmering, 9.8% (N = 9) used laundry powder/liquid boiling, and 23.9% (N = 22) 
employed maceration (Table 3.1). This tally indicates that tap water boiling is by far the most 
common method for cleaning experimental assemblages, with the addition of laundry powder 
/ liquid the least popular method. Still, there are many experimental taphonomic studies do 
not detail the methods used to clean their assemblage (e.g. Asmussen 2009; Blumenschine et 
al. 1996; Fernández-Jalvo and Andrews 2011; Krasinski 2016). By not divulging the methods 
used to clean the experimental bones, the data produced are not comparable as they have been 
through unknown modern processes that may not have a prehistoric analogue. The method of 
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preparation experiments in this study have clearly identified and quantified when and how 
changes occur (Table 8.1) and have provided several examples of how methods of 
preparation have affected experimental BSM interpretations.  
Taphonomic experimentation has three main phases that must occur before data can be 
collected: acquisition of specimens, experimental treatment(s), and preparation of the 
modified specimens for analysis. Most of the emphasis in experimental design lies with the 
second phase, which (implicitly) suggests that variability introduced during the first and third 
phases should be minimal. However, most experiments are not standardised in their use of 
similar subjects, specimen acquisition and storage, and specimen preparation (Chapter 2). 
Some authors have dealt with this issue through post-hoc intra-assemblage comparisons, for 
example by running statistical tests to confirm that populations of subjects have not 
differentially acquired bone surface modifications (Domínguez-Rodrigo et al. 2009a); 
however, the effects of preparation methods used on these BSMs assemblages are not 
investigated. However, such analyses are impractical to do between published assemblages, 
which frequently only feature summary data and results, and rarely provide high-resolution 
images for comparative analysis. A more robust approach would be to move toward more 
standardisation between researchers in their acquisition and preparation of experimental 
subjects, so that observed results can be more confidently compared without concern that 
additional variability has been introduced during the first and third phases of experimental 
design.  
Recently, forensic studies have indicated that cremation—heating bones at 700°C for three 
hours—does not significantly impact cut mark size, shape, or length (Waltenberger and 
Schutkowski 2017). The study recorded measurable features, such as cut mark depth, width, 
and length, shoulder height, and slope, opening, and floor angles and were examined at 200x 
magnification; however, the ends of the cut marks were not analysed or recorded because 
they were “too fine for the resolution of the method” (Waltenberger and Schutkowski 2017: 
51). Because the method does not detail the qualitative morphology of the cut marks, it is 
difficult to ascertain whether, and to what extent, the cut marks were qualitatively affected as 
there were no high-resolution images to compare the marks before and after cremation. 
Additionally, the marks were created to simulate stab wounds in human ribs—using suid (pig 
– Sus scrofa) ribs as a proxy and using a modified guillotine, which is a different action to 
conventional butchery, with different forces, velocities, and angles impacting the bone, which 
would create a different suite of mark traits than those created through butchery practices. 
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Finally, there is little understanding as to how different variables react to thermal alteration; 
for example, between flat bones and marrow and grease-rich long bones, between suid and 
ovid bones, or between boiling and cremation processes. In order to create robust and 
comparable analogical datasets, it is important to understand how each of these variables 
reacts to the same stimulus (e.g. thermal alteration, incisions at a 45°, or percussive impacts 
at high speeds). Additionally, further analysis into the effects of tap water boiling on BSM 
could provide an feasible alternative method for identifying evidence of cooking in the 
archaeological record, particularly at sites where preservation is poor . Additionally, the 
ability to accurately identify cooking on butchered bones could provide more confident 
associations between intentional butchery and intentional cooking, aside from obviously 
burned bones and the presence of fire pit features (Asmussen 2009; Cain 2005; Nicholson 
1993; Shipman et al. 1984). This has applications for sites from the Middle Stone Age 
through to the Holocene, where bone may be cooked, but uncoloured due to the nature of the 
thermal alteration (i.e. boiling versus burning) (Asmussen 2009; Cain 2005; Lubinski 1996; 
Medina et al. 2012).  
Although experimental taphonomy has contributed enormously to zooarchaeological 
research, it remains relatively unstandardised in both experimental design and analytical 
protocol. This study shows that different methods of bone preparation affect the size, 
morphology, and other attributes of experimental cut marks. The reason researchers thermally 
and/or chemically clean experimental bone assemblages is because it is expedient and low-
cost to do so, but researchers should consider the effects their preparation processes may have 
on the validity of comparison to non-boiled zooarchaeological assemblages. Additionally, 
this study equips researchers with an understanding of where potential sources of mismatch 
may lie between experimental and archaeological traces, and to what extent they could 
interfere with their interpretation. Importantly, the experiments included both thermal and 
chemical methods, so that potential alterations in archaeological specimens from thermal 
modification (i.e. boiling for cooking purposes) could also be matched to their appropriate 
experimental reference collections (e.g. Koon et al. 2010; Lubinski 1996; Wrangham 2009). 
Of the methods of preparation tested in this paper, cold water maceration displayed the least 
amount of difference in morphology after cleaning; however, the amount of change 
documented with this method, as well as the other methods tested, are significant enough to 
question whether any assemblages using these treatment methods are truly comparable to the 
archaeological record. If accessible, a dermestid colony may provide the best results in terms 
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of less overall change in BSM morphology and length (e.g. Parkinson 2012; Schroeder et al. 
2002; Sommer and Anderson 1974). Although both dermestid beetle adults and larvae feed 
on desiccated flesh, during periods of food shortage, dermestid beetle larvae will begin to 
consume the bone; however, this behaviour is rarely observed (but readily diagnostic) in 
museum and university colonies that have a high turnover rate of specimens (Britt et al. 2008; 
Hefti et al. 1980; Parkinson 2012; Schroeder et al. 2002; Sommer and Anderson 1974). 
Additionally, given ideal conditions, a good-sized colony (more than 1000 beetles) will 
skeletonise an adult human male in fewer than five months (Schroeder et al. 2002). Given 
that most experimental subjects are mostly defleshed when undergoing cleaning treatment, 
the process should, in ideal conditions, not exceed two weeks. Two weeks was the maximum 
amount of time the experimental butchered bones were exposed to the dermestid colony due 
to a summer heat wave that arrested their appetites. Such measures are important for making 
experimental assemblages more comparable to one another, and to the realities of the 
zooarchaeological record. 
BSM Production/Identification 
For identifying and differentiating between certain BSM types, Domínguez-Rodrigo et al. 
(2009a, 2010b) identified seven characteristics out of the sixteen they tested that appeared to 
be diagnostic for determining trampling marks from cut marks. Previous approaches to BSM 
identification focussed on cut marks as a means of identifying the effector (tool) used to 
create them (Greenfield 2006; Lartet 1860; Olsen and Shipman 1988; Shipman and Rose 
1983b; Walker 1978; Walker and Long 1977). Domínguez-Rodrigo et al. (2009a) defined and 
described a number of qualitative features of marks identifiable under a 40x hand lens to 
distinguish actors and effectors based on the presence/absence of traits. These two studies 
were unparalleled in their detailed comparisons of experimental cut marked assemblages 
created with unretouched and retouched flakes, and HURs; however, the results of the BSM 
experiments in this study contradict most of the results discussed by Domínguez-Rodrigo et 
al. (2009a) and Monnier and Bischoff (2014). A comparison of the three studies indicates 
significant differences in proportions of marks exhibiting various characteristics between 
researchers (Table 8.2).  
The presence of a barb appears in fewer than 10% of cases in both Domínguez-Rodrigo et al. 
and Monnier and Bischoff, whereas in this study barbs were present in 41.2% of freeform 
marks, 64.5% of controlled human butchery marks, and 72% of mechanical marks (Table 
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8.2). There is some incongruity with how barbs are described (Figure 8.3; Figure 8.4), which 
may account for inconsistencies in reporting. For example, research by Domínguez-Rodrigo 
et al. (2009a: 2646) indicated that the presence of a barb—defined as a shallow and slightly 
curved feature on the end of a straight mark resembling an “open hook”—was expected in up 
to 10% of cut marks made with an unretouched tool (Figure 8.3a). Monnier and Bischoff’s 
(2014) results agreed that barbs were rare in their tumbling (1%) and butchering (3%) 
experiments. However, previous studies, notably Shipman and Rose (1983a) and Fisher 
(1995), have defined this specific feature. Shipman and Rose (1983a: 66) observed barbs 
occurring on a fraction of experimental slice marks with no discrimination of occurrence 
between the head or tail of a mark, and caused by “small, inadvertent motions of the hand 
either in initiating or terminating a stroke”. Fisher (1995: 16) expands upon this defining 
barbs as consisting “…of a striation…that diverges at an acute angle from the end of an 
associated striation… Barbs can occur of either the beginning or the ending extremity of a cut 
mark…” (Figure 8.3b-c). The definition of barbs from Shipman and Rose, and Fisher are 
more clear when compared to that from Domínguez-Rodrigo (2009a). Contrary to 
Domínguez-Rodrigo et al.’s (2009a) observations, the presence of a barb was argued by 
Shipman and Rose (1983a), and supported by Fisher (1995), to be one of few features unique 
to stone tool cut marks, alongside shoulder effects and splitting (Eickhoff and Herrmann 
1985). It has been argued that, due to the general shallowness of barbs as incidental striations, 
they are unlikely to be preserved in the archaeological record (Behrensmeyer et al. 1986; 
Domínguez-Rodrigo et al. 2009a; Fariña 2015). With this line of thought, there is a base 
assumption that all hominin butchers sought to preserve the cutting edge and maintain tool 
uniformity, thereby leaving only incidental cut marks described as epiphenomena (Lyman 
1995, 2005). Perhaps this is the case with later hominin groups with their time-intensive and 
intricately-crafted stone tools of rare or uncommon raw materials. However, the presence of 
expedient tools made from locally-sourced basalt and phonolite blocks and cobbles, as in the 
case of the Lomekwi and Oldowan traditions, throws the applicability of this assumption in 
reference to early hominin butchery into question (Harmand et al. 2015; Semaw et al. 2003). 
This is not to say that marks made by expedient tools produce intentional marks, rather that 
the specific behaviour of preserving the cutting edge is likely not an important factor when 
broken or dulled tools are easily replaced. Examination of the low-power optical and 
environmental scanning electron microscopy (ESEM) images of the Dikika bones provided in 
McPherron et al. (2010), reveals that barbs are potentially observable on marks D (Figure 3e) 
and E (Figure 3g and 3h) of the DIK-55-3 bone, indicating that the feature may be likely to 
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preserve in cases where it is more deeply incised. Additionally, barbs were present in more 
than 96% of cases in Monnier and Bischoff’s (2014) tumbled and butchered experiments, 
which were subjected to eight and five hours of gentle boiling, respectively. This indicates 
that barbs may be more resilient than previously thought (Fisher 1995; Shipman and Rose 
1983a) or that the Dikika butchers utilised more force when the cut marks were created.  
 
 
Figure 8.3 Line drawing illustrating the differences in the explanation of a barb between Domínguez-Rodrigo et al. (2009a) 
(a), and Shipman and Rose (1983a) (b-c). Adapted from Hillson (2005). 
 
Figure 8.4 Barb present; observable both microscopically at 10-x (L), and in confocal scan (R). 
In order to robustly examine and interpret BSMs in the archaeological record, archaeologists 
require a large dataset of BSMs produced by a range of known forces, velocities, and angles 
that capture the highly variable nature of archaeological specimens (Table 8.3). This study 
has demonstrated how inconsistencies in experimental design, experimental subjects, and in 
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the communication of mark trait descriptions can affect experimental zooarchaeology. The 
implications of these inconsistencies are counter-productive to experimental taphonomy and 
have the potential to hinder comparisons and interpretations between current actualistic data 
and the archaeological record. The accurate designation of BSMs is critical in current 
archaeological debates, as some early sites are contested upon the strength of their BSM 
identifications, as well as the reliability of models used to interpret site formation processes 
based upon BSM assemblages. BSMs from FLK Zinjanthropus site at Olduvai Gorge, for 
example, have been interpreted, debated, and re-interpreted for over three decades (e.g. 
Binford et al. 1988; Blumenschine 1995; Blumenschine et al. 2007; Domínguez-Rodrigo and 
Barba 2005; Pante et al. 2012). More recently, controversies arose over the interpretation of 
cut marks at a Plio-Pleistocene site in Ethiopia, which, at the time of discovery, pre-dated 
stone tools by some 800ka (e.g. Domínguez-Rodrigo et al. 2010b, 2011, 2012; McPherron et 
al. 2010; Thompson et al. 2015). These findings ultimately motivated researchers to expand 
their current paradigms to include artefacts that “do not directly resemble known Oldowan 
lithics” (Harmand et al. 2015: 310; Lewis and Harmand 2016), which culminated in the 
discovery of the Lomekwi tools at 3.3Ma. As discussed in Chapter Two, artefacts and 
evidence of butchery found at younger sites, where subsistence behaviours and tool 
technologies are established and identifiable, yield a higher level of interpretive confidence 
than older sites that challenge the accepted paradigm. That being said, the same problem still 
exists regardless of the age of the site or artefacts: the basic science has not been done. At 
younger sites it is, perhaps, more pertinent to understand the full range of variables involved 
in the creation of BSM as the preservation is usually better and the behaviours are more likely 
to be similar to more modern groups and, therefore, able to be analysed and compared in 
great detail to experimental collections. This would be a better platform to understanding 
subsistence behaviours and BSM creation at earlier sites where preservation is poorer. 
Younger sites, due to the virtue of time, should not be exempt from the same skepticism and 
detailed analysis that is subjected upon older and/or contentious sites. The same basic 
question of ‘How do we know what we know?’ should be asked of any evidence despite its 
age and level of preservation or association. Should the answer to this question be anything 
other than ‘Through rigorous scientific analysis using hypothetico-deductive reasoning’ then 
we need to reassess the evidence from any site at any age. Assuming behaviours and evidence 
to be a certain way without testing the validity of the assumption makes fools of us all. BSMs 
in the archaeological record have proven highly variable in comparison to the relatively small 
set of experimental assemblages available for analysis, contributing to the requirement of 
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correct attribution of BSM across the archaeological record. Additionally, accurate 
classification of archaeological BSM necessitates large experimental datasets that control for 
and capture as much variation in actors, effectors, and actions as possible. This study opens 
the door to understanding the scope of variation available to test and compare. 
Table 8.3 Components and variables to consider during experimental BSM production. 
Component Variables 
Stone tools HURs, simple, and retouched flakes 
Bifacial and unifacial retouched flakes 
Hand-axe types 
Regionally specific tools 
Smooth and rough hammerstones 
Passive and active percussion 
Different material types 
Bone elements Long, flat, and irregular bones 
Juvenile, sub-adult, and adult 
Related genera: e.g. Capra, Ovis, Hemitragus  
Non-related genera: e.g. Cervini, Sus, Macropus 
Different size classes 
Physical properties Impact/incision force 
Impact/incision velocity 
Impact/incision angle 
Torque at flexion/extension points 
  
8.5. CONCLUSIONS 
The aim of this thesis was to discern how different variables influence butchery mark 
morphology. This was tested in three ways: 1) how preparation methods affect butchery mark 
morphology; 2) how mechanically controlling force, velocity, and angle affects butchery 
mark morphology; and, 3) how controlling force, velocity, and angle affects butchery mark 
morphology compared to freeform butchery. As discussed in the previous chapters, methods 
commonly used for preparing experimental assemblages were shown to significantly affect 
BSM morphology through the erosion and exfoliation of the bone surface due to chemical 
and mechanical abrasion when boiled or macerated. Based on the gathered results, cold water 
maceration was the method that least affected BSM morphology; however, a dermestid 
colony would be the best method to divest tissue from bone without affecting butchery mark 
morphology. It was established that the variables used (force, velocity, and angle) in the 
creation of BSM, influence butchery mark morphology to the extent that cutting, slicing, and 
scraping marks can be differentiated. This conclusion was based on the differences and 
patterns observed in specific cut mark traits, including groove trajectory, shape, and 
symmetry, as well as the presence of barbs, shoulder effect, and flaking. For percussion 
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marks, there was little significant difference found when variables were manipulated, which 
indicated little scope to differentiate between force, velocity, and angle. However, this study 
clearly established that different variables do influence butchery mark morphology in ways 
that can help to differentiate different types of butchery marks, such as slicing versus cutting. 
8.6. FUTURE DIRECTIONS 
While this research has made clear progress in the identification and differentiation of BSM 
morphology, there is scope for future research. This study focused largely on butchery marks 
made from smooth hammerstones and unretouched flakes on sub-adult lamb bones (10-12 
months of age) to examine the effects of different variables that affect both bones and BSM. 
To build upon this dataset, with the aim of building a BSM reference collection that 
encompasses as much variation as possible, several expansions need to take place. Of 
primary importance is the expansion of different tool types made from a range of different 
materials. This expanded range of tools would allow for comparisons of BSM morphology, 
including: 1) HURs, simple, and retouched flakes; 2) bifacial and unifacial retouched flakes; 
3) different types of hand-axes—e.g. ground-edge and Acheulian; 4) regionally specific tools; 
5) smooth and rough hammerstones; 6) passive and active percussion; and 7) different 
material types—e.g. fine-grained and coarse-grained stone and metals. This aspect should be 
implemented first as increasing the range of tool types and materials, while keeping the 
experimental design (including experimental bone subject) constant, allows for direct 
comparisons to be made between the experimental assemblages. 
Expanding the bone subjects is the second priority, as bones from different sized and aged 
species show differences in bone texture and composition (Figure 2.6). To test the full gamut 
of variation in BSM morphology, the collection of bone subjects should be expanded to first 
include mature adult, adult, and juvenile Ovid femora to compare against this study’s use of 
sub-adult Ovid femora. From there, other Ovid bone elements should be included and 
compared between the four age classes to determine how BSM morphology is influenced by 
these elements. This then allows for comparisons of bone elements and age classes across 
other domestic and wild species from different size classes and genera, as well as different 
taxonomic classes (e.g. reptilian, aves, and fish classes). The last dataset expansion would be 
to test other types of BSM, which would allow for comparisons of BSMs between different 
actors and effectors. Other types of BSM include: tooth marks from mammalian carnivores, 
and crocodiles, and chewing from humans and ungulates; trampling marks from single 
ungulates versus a herd, from Perissodactyla versus Artiodactyla, ungulates versus pad-footed 
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animals and humans, and the effect of different substrates; projectile impact marks from 
throwing, thrusting, and tensioned (i.e. bow) implements; as well as, other potential causes of 
incidental (natural) BSM—e.g. rockfall. The combination of these three datasets would then 
allow for comparisons to be made between a wide array of actors, effectors, actions, and 
subjects.  
The most important aspect of experimental research is its accessibility for inter-analyst 
comparisons. The ultimate goal of this project would be to create an open-source database 
that can be added to by verified researchers with detailed methods of the production, 
preparation, collection, and analysis of every BSM experiment, with accompanying images of 
a minimum standard quality for each BSM. In concept, it would be similar to the World 
Register of Marine Species (WoRMs)—an authoritative and comprehensive online repository 
for contextual information on marine organisms (shellfish, fish, marine invertebrates, etc.) 
(WoRMS Editorial Board 2017). In addition to this collation of BSM data, BSMs would also 
be 3D scanned, which would allow for analysis and comparisons based on true-3D geometric 
morphometrics (e.g. Otárola-Castillo et al. forthcoming). The outcome of this geometric 
morphometric analysis is a PCA plot that clusters marks based upon their size and shape 
relative to a known sample. 3D geometric morphometrics is gaining traction in archaeology 
as a relatively objective method for identifying, analysing, and comparing artefacts and 
fossils (e.g. Adams and Otárola-Castillo 2013; Coster and Field 2015; Fernández et al. 2015; 
Herzlinger et al. 2017; Johnson et al. 2013; Lemke 2013; Rein et al. 2015; Robinson 2012). 
The importance of large, experimentally standardised datasets that capture the full range of 
variability in BSM production and preservation has been clearly discussed and demonstrated 
throughout this study. In addition to this, for the datasets to be implemented by archaeologists 
as the standard for BSM identification, analysis, and comparison, they must be universally 
accessible.  
This study has produce a large dataset with varying levels of control of known physical 
variables that has clear and demonstrated implications for future zooarchaeological research. 
The results of this study have shown how butchery mark morphology is influenced by 
underlying physical variables, which are likely to differ between the vast array of actor, 
effector, action combinations detailed above. However, some physical variables do not 
influence mark morphology, at least in the way it was measured in this study, such as the 
manipulation of velocity in percussion mark damage. It would potentially follow that if 
velocity does not influence percussion mark morphology, then velocity may not influence 
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projectile mark morphology, where it is the core mechanism difference. However, the lack of 
influence in percussion mark damage may have an external factor, that is, the experiments 
utilised very smooth river cobbles for percussion activities which may have reduced the 
amount of damage produced. For this reason, the primary future direction is to expand the 
effectors to include HURs and other rough hammerstones or choppers to see if changes in 
velocity are observable.  
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APPENDIX I – CONTROLLED AND FREEFORM BUTCHERY EXPERIMENT PARAMETERS AND RESULTS 
Table 1 Parameters for controlled experiments (Butchers 1 and 2), with results 
Bone # Surface Activity Angle Control # Impacts Tool type Notes 
Butcher# 1 
5 cranial 
Controlled cutting 
90 From prox. head 20 Dacite Left femur; lateral initiation 
5 caudal 15 From prox. head 13 Dacite Left femur; proximal initiation 
6 cranial 165 From prox. head 11 Dacite Right femur; proximal initiation 
6 caudal 135 From prox. head 15 Dacite Right femur; lateral initiation 
7 cranial 45 From prox. head 15 Dacite Left femur; lateral initiation 
7 caudal 90 From prox. head 17 Dacite Left femur; medial initiation 
8 cranial 
Controlled percussion 
Parallel Shoulder + elbow 24 Hammerstone 3  
9 cranial Proximal Shoulder + elbow 22 Hammerstone 3 20 cranial + 2 caudal 
10 caudal Distal Shoulder + elbow 16 Hammerstone 3  
11 cranial Parallel Shoulder only 6 Hammerstone 3  
12 caudal Proximal Shoulder only 50 Hammerstone 3  
13 caudal Distal Shoulder only 22 Hammerstone 3 20 caudal + 2 cranial 
14 cranial Parallel Elbow only 30 Hammerstone 3 pig 
15 caudal Proximal Elbow only 25 Hammerstone 3 pig 
16 cranial Distal Elbow only 11 Hammerstone 3 pig 
Butcher# 2 
5 cranial 
Controlled cutting 
90 From prox. head 16 Minnesotan Chert Left femur; lateral initiation 
5 caudal 45 From prox. head 18 Minnesotan Chert Left femur; medial initiation 
6 cranial 135 From prox. head 15 Minnesotan Chert Right femur; medial initiation 
6 caudal 15 From prox. head 31 Minnesotan Chert Right femur; proximal initiation 
7 cranial 165 From prox. head 18 Minnesotan Chert Left femur; proximal initiation 
7 caudal 90 From prox. head 15 Minnesotan Chert Left femur; medial initiation 
8 cranial 
Controlled percussion 
Parallel Shoulder + elbow 2 Hammerstone 2  
9 cranial Proximal Shoulder + elbow 15 Hammerstone 2  
10 caudal Distal Shoulder + elbow 24 Hammerstone 2  
11 cranial Parallel Shoulder only 15 Hammerstone 2  
12 caudal Proximal Shoulder only 6 Hammerstone 2  
13 caudal Distal Shoulder only 3 Hammerstone 2 2 cranial + 1 caudal 
14 cranial Parallel Elbow only 20 Hammerstone 2  
15 caudal Proximal Elbow only 20 Hammerstone 2 pig 
16 cranial Distal Elbow only 7 Hammerstone 2 pig 
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Table 3 Parameters for controlled experiments (Butchers 3 and 4), with results 
Bone # Surface Activity Angle Control # Impacts Tool type Notes 
Butcher# 3 
5 cranial 
Controlled cutting 
90 From prox. head 18 Flint Left femur; medial initiation 
5 caudal 45 From prox. head 28 Flint Left femur; lateral initiation 
6 cranial 135 From prox. head 18 Flint Left femur; medial initiation 
6 caudal 15 From prox. head 21 Flint Left femur; proximal initiation 
7 cranial 165 From prox. head 23 Flint Right femur; proximal initiation 
7 caudal 90 From prox. head 24 Flint Right femur; medial initiation 
8 cranial 
Controlled percussion 
Parallel Shoulder + elbow 6 Hammerstone 5  
9 caudal Proximal Shoulder + elbow 4 Hammerstone 5  
10 caudal Distal Shoulder + elbow 6 Hammerstone 5  
11 cranial Parallel Shoulder only 7 Hammerstone 5  
12 caudal Proximal Shoulder only 7 Hammerstone 5  
13 caudal Distal Shoulder only 3 Hammerstone 5  
14 cranial Parallel Elbow only 20 Hammerstone 5 19 cranial, 1 caudal; crushed 
15 caudal Proximal Elbow only 8 Hammerstone 5  
16 caudal Distal Elbow only 2 Hammerstone 5  
Butcher# 4 
5 cranial 
Controlled cutting 
90 From prox. head 17 Flint Left femur; medial initiation 
5 caudal 135 From prox. head 18 Flint Left femur; lateral initiation 
6 cranial 45 From prox. head 21 Flint Right femur; lateral initiation 
6 caudal 165 From prox. head 50 Flint Right femur; proximal initiation 
7 cranial 15 From prox. head 17 Flint Left femur; proximal initiation 
7 caudal 90 From prox. head 18 Flint Left femur; medial initiation 
8 cranial 
Controlled percussion 
Parallel Shoulder + elbow 4 Hammerstone 6  
9 caudal Proximal Shoulder + elbow 7 Hammerstone 6  
10 caudal Distal Shoulder + elbow 12 Hammerstone 6  
11 cranial Parallel Shoulder only 21 Hammerstone 6  
12 caudal Proximal Shoulder only 18 Hammerstone 6  
13 caudal Distal Shoulder only 34 Hammerstone 6  
14 cranial Parallel Elbow only 24 Hammerstone 6 23 cranial, 1 caudal; crushed 
15 caudal Proximal Elbow only 45 Hammerstone 6 crushed 
16 caudal Distal Elbow only 35 Hammerstone 6 crushed 
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Table 4 Parameters for controlled experiments (Butchers 5 and 6), with results 
Bone # Surface Activity Angle Control # Impacts Tool type Notes 
Butcher# 5 
5 cranial 
Controlled cutting 
90 From prox. head 17 Obsidian Right femur; medial initiation 
5 caudal 45 From prox. head 16 Obsidian Right femur; lateral initiation 
6 cranial 135 From prox. head 18 Obsidian Left femur; lateral initiation 
6 caudal 165 From prox. head 30 Obsidian Left femur; proximal initiation 
7 cranial 15 From prox. head 33 Obsidian Right femur; proximal initiation 
7 caudal 90 From prox. head 20 Obsidian Right femur; medial initiation 
8 caudal 
Controlled percussion 
Parallel Shoulder + elbow 6 Hammerstone 7  
9 cranial Proximal Shoulder + elbow 2 Hammerstone 7  
10 cranial Distal Shoulder + elbow 13 Hammerstone 7  
11 caudal Parallel Shoulder only 7 Hammerstone 7  
12 cranial Proximal Shoulder only 9 Hammerstone 7  
13 cranial Distal Shoulder only 11 Hammerstone 7  
14 caudal Parallel Elbow only 8 Hammerstone 7  
15 caudal Proximal Elbow only 38 Hammerstone 7 caudal x37 and cranial x1 
16 cranial Distal Elbow only 27 Hammerstone 7  
Butcher# 6 
5 cranial 
Controlled cutting 
90 From prox. head 15 Flint Right femur; lateral initiation 
5 caudal 15 From prox. head 23 Flint Right femur; proximal initiation 
6 cranial 165 From prox. head 16 Flint Right femur; proximal initiation 
6 caudal 45 From prox. head 16 Flint Right femur; lateral initiation 
7 cranial 135 From prox. head 18 Flint Left femur; lateral initiation 
7 caudal 90 From prox. head 17 Flint Left femur; lateral initiation 
8 caudal 
Controlled percussion 
Parallel Shoulder + elbow 5 Hammerstone 8  
9 cranial Proximal Shoulder + elbow 5 Hammerstone 8  
10 cranial Distal Shoulder + elbow 1 Hammerstone 8  
11 caudal Parallel Shoulder only 5 Hammerstone 8  
12 cranial Proximal Shoulder only 25 Hammerstone 8  
13 cranial Distal Shoulder only 3 Hammerstone 8  
14 caudal Parallel Elbow only 4 Hammerstone 8  
15 caudal Proximal Elbow only 25 Hammerstone 8  
16 cranial Distal Elbow only 11 Hammerstone 8  
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Table 2 Parameters for naturalistic experiments, with results 
Bone # Surface Activity Direction Control # Strikes Tool type Notes 
Butcher# 1 
1 whole Freewill defleshing Deflesh bone Freewill 86 Chert Working distally; mainly sawing motion; 161.09g flesh removed 2 whole 68 Obsidian  
3 whole Freewill percussion 
Medullary 
cavity 
accessible 
Freewill 5 Hammerstone 3 
shoulder + elbow strikes; central shaft strike; rotation of femur; cranial side strikes = 3, rotate 
to caudal for 2 = spiral fracture result 
4 whole 6 Hammerstone 2  
Butcher# 2 
1 whole Freewill defleshing Deflesh bone Freewill 89 Chert Working distally; 89.53g flesh removed 2 whole 61 Obsidian  
3 whole Freewill percussion 
Medullary 
cavity 
accessible 
Freewill 5 Hammerstone 2 
elbow only strikes; 1x glancing blow, 1x lateral hit, 1x caudal hit, 1x medial hit, 1x medio-
caudal 
4 whole 4 Hammerstone 3  
Butcher# 3 
1 whole Freewill defleshing Deflesh bone Freewill 24 Dacite 1 edge, caudally retouched - not used; actions all over the place; 140.37g flesh removed 2 whole ~150 Silcrete actions all over the place; unfocussed actions; mostly sawing actions; 52.98g flesh removed 
3 cranial 
Freewill percussion 
Medullary 
cavity 
accessible 
Freewill 
2 Hammerstone 5 split 
4 medio-cranial 9 Hammerstone 2  
Butcher# 4 
1 whole Freewill defleshing Deflesh bone Freewill 123 Chert some cortex; more uniform actions compared to Antoine; 139.96g flesh removed 2 whole ~150 Dacite more methodical; consistently working proximally from distal epiphysis; 82.8g flesh removed 
3 medial 
Freewill percussion 
Medullary 
cavity 
accessible 
Freewill 
8 Hammerstone 6 crushed 
4 medio-cranial 10 Hammerstone 3 rolled to cranial side 
Butcher# 5 
1 whole Freewill defleshing Deflesh bone Freewill 95 Quartzite 
focus on distal epiphysis - distal scraping action; working distal end - patella disarticulation; 
constant bone grip change on bone + bone position; mainly same single edge used; 90° 
scraping distally from proximal end; 113.1g flesh removed 
2 whole 76 Obsidian tentative femora-tibial disarticulation 
3 cranial 
Freewill percussion 
Medullary 
cavity 
accessible 
Freewill 
7 Hammerstone 7 proximally raised; cranial x6 and caudal x1 = 7 total 
4 cranial 8 Hammerstone 4  
Butcher# 6 
1 whole Freewill defleshing Deflesh bone Freewill 95 Silcrete 
shaft scraping distally; working distal end - patella removal; fairly constant grip change on 
bone + bone position change; utilising multiple edges of tool; tool edge broke ~halfway 
through activity; 96.8g flesh removed 
2 whole 56 Flint aggressive femora-tibial disarticulation 
3 cranial 
Freewill percussion 
Medullary 
cavity 
accessible 
Freewill 
4 Hammerstone 8 parallel 
4 cranial 6 Hammerstone 2 parallel 
  
 191 
APPENDIX II – CONTROLLED CUTTING EXPERIMENTS SANS 15/165° ASSEMBLAGE 
Table 1 Frequency of cutting marks when incision angle is controlled (via restriction of arm/wrist movement); excluding the 
15/165° assemblage to assess the difference between cutting and slicing marks. Chi-square test statistics and adjusted 
residuals (AR) are also reported, with significant values in bold. 
   Cut 90° Slice 45°/135° 
 Total % Total % AR Total % AR 
Groove trajectory (χ² = 16.78, p < 0.01)       
Straight 245 58.3 127 76.0 4.09 92 54.8 -4.09 
Curvy 126 30.0 33 19.8 -3.48 62 36.9 3.48 
Sinuous 49 11.7 7 4.2 -1.56 14 8.3 1.56 
Barb (χ² = 0.09, p = 0.76)       
Present 271 64.5 134 80.2 -0.31 137 81.5 0.31 
Absent 149 35.5 33 19.8 0.31 31 18.5 -0.31 
Groove shape (χ² = 19.45, p < 0.01)       
Narrow V 140 33.3 85 50.9 4.41 46 27.4 -4.41 
Wide \_/ 280 66.7 82 49.1 -4.41 122 72.6 4.41 
Symmetry (χ² = 10.51, p < 0.01)       
Symmetrical 172 41.0 88 52.7 3.24 59 35.1 -3.24 
Asymmetrical 248 59.0 79 47.3 -3.24 109 64.9 3.24 
Shoulder effect (χ² = 0.04, p = 0.84)       
Present 338 80.5 156 93.4 0.20 156 92.9 -0.20 
Absent 82 19.5 11 6.6 -0.20 12 7.1 0.20 
Flaking on shoulder (χ² = 3.26, p = 0.07)       
Present  183 43.6 95 56.9 1.81 79 47.0 -1.81 
Absent 237 56.4 72 43.1 -1.81 89 53.0 1.81 
Internal microstriations (χ² = 0.69, p = 0.41)       
Present 413 98.3 163 97.6 -0.83 166 98.8 0.83 
Absent 7 1.7 4 2.4 0.83 2 1.2 -0.83 
Microstriation trajectory (χ² = 4.54, p = 0.10)       
Continuous 313 74.5 131 78.4 1.72 118 70.2 -1.72 
Discontinuous 100 23.8 32 19.2 -2.02 48 28.6 2.02 
Absent 7 1.7 4 2.4 0.83 2 1.2 -0.83 
Shape of microstriation trajectory (χ² = 3.76, p = 0.15)       
Straight 220 52.4 101 60.5 1.60 87 51.8 -1.60 
Irregular 193 46.0 62 37.1 -1.83 79 47.0 1.83 
Absent 7 1.7 4 2.4 0.83 2 1.2 -0.83 
Location of microstriations (χ² = 1.82, p = 0.61)       
Walls 3 0.7 2 1.2 0.59 1 0.6 -0.59 
Bottom 21 5.0 4 2.4 -0.91 7 4.2 0.91 
Both 389 92.6 157 94.0 -0.01 158 94.0 0.01 
Absent 7 1.7 4 2.4 0.83 2 1.2 -0.83 
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Table 2 Frequency of cutting marks separated out by butcher (force and velocity by proxy); excluding the 15/165° assemblage to assess the change between cutting and slicing assemblages. 
Chi-square test statistics and adjusted residuals (AR) are also reported, with significant values in bold. 
   Butcher 1 Butcher 2 Butcher 3 Butcher 4 Butcher 6 
 Total % Total % AR Total % AR Total % AR Total % AR Total % AR 
Groove trajectory (χ² = 71.73, p < 0.01)                
Straight 219 65.4 52 78.8 2.56 58 96.7 5.62 23 32.9 -6.43 45 57.7 -1.63 41 67.2 0.33 
Curvy 95 28.4 12 18.2 -2.05 2 3.3 -4.75 35 50.0 4.52 27 34.6 1.40 19 31.1 0.53 
Sinuous 21 6.3 2 3.0 -1.21 0 0.0 -2.21 12 17.1 4.22 6 7.7 0.59 1 1.6 -1.65 
Barb (χ² = 15.92, p < 0.01)                
Present 271 80.9 43 65.2 -3.63 55 91.7 2.34 57 81.4 0.13 64 82.1 0.30 52 85.2 0.96 
Absent 64 19.1 23 34.8 3.63 5 8.3 -2.34 13 18.6 -0.13 14 17.9 -0.30 9 14.8 -0.96 
Groove shape (χ² = 40.93, p < 0.01)                
Narrow V 131 39.1 43 65.2 4.84 31 51.7 2.20 24 34.3 -0.93 24 30.8 -1.72 9 14.8 -4.31 
Wide \_/ 204 60.9 23 34.8 -4.84 29 48.3 -2.20 46 65.7 0.93 54 69.2 1.72 52 85.2 4.31 
Symmetry (χ² = 31.22, p < 0.01)                
Symmetrical 147 43.9 38 57.6 2.50 29 48.3 0.77 19 27.1 -3.17 22 28.2 -3.19 39 63.9 3.49 
Asymmetrical 188 56.1 28 42.4 -2.50 31 51.7 -0.77 51 72.9 3.17 56 71.8 3.19 22 36.1 -3.49 
Shoulder effect (χ² = 2.61, p = 0.63)                
Present 312 93.1 62 93.9 0.29 56 93.3 0.07 66 94.3 0.43 74 94.9 0.69 54 88.5 -1.57 
Absent 23 6.9 4 6.1 -0.29 4 6.7 -0.07 4 5.7 -0.43 4 5.1 -0.69 7 11.5 1.57 
Flaking on shoulder (χ² = 16.30, p < 0.01)                
Present 174 51.9 41 68.8 1.85 29 48.3 -0.62 47 67.1 2.86 31 39.7 -2.46 26 42.6 -1.61 
Absent 161 48.1 25 37.9 -1.85 31 51.7 0.62 23 32.9 -2.86 47 60.3 2.46 35 57.4 1.61 
Internal microstriations (χ² = 7.76, p = 0.10)                
Present 329 98.2 66 100.0 1.22 60 100.0 1.15 67 95.7 -1.77 75 96.2 -1.56 61 100 1.17 
Absent 6 1.8 0 0.0 -1.22 0 0.0 -1.15 3 4.3 1.77 3 3.8 1.56 0 0.0 -1.17 
Microstriation trajectory (χ² = 27.24, p < 0.01)                
Continuous 249 74.3 57 86.4 2.50 35 58.3 -3.13 47 67.1 -1.55 57 73.1 -0.29 53 86.9 2.48 
Discontinuous 80 23.9 9 13.6 -2.18 25 41.7 3.57 20 28.6 1.04 18 23.1 -0.19 8 13.1 -2.18 
Absent 6 1.8 0 0.0 -1.22 0 0.0 -1.15 3 4.3 1.77 3 3.8 1.56 0 0.0 -1.17 
Shape of microstriation trajectory (χ² = 52.55, p < 0.01)                
Straight 188 56.1 33 50.0 -1.12 53 88.3 5.55 22 31.4 -4.68 39 50.0 -1.24 41 67.2 1.93 
Irregular 141 42.1 33 50.0 1.45 7 11.7 -5.27 45 64.3 4.23 36 46.2 0.83 20 32.8 -1.63 
Absent 6 1.8 0 0.0 -1.22 0 0.0 -1.15 3 4.3 1.77 3 3.8 1.56 0 0.0 -1.17 
Location of microstriations (χ² = 20.26, p = 0.06)                
Walls 3 0.9 1 1.5 0.60 0 0.0 -0.81 1 1.4 0.53 1 1.3 0.41 0 0.0 -0.82 
Bottom 11 3.3 0 0.0 -1.67 2 3.3 0.02 4 5.7 1.28 0 0.0 -1.86 5 8.2 2.38 
Both 315 94.0 65 98.5 1.70 58 96.7 0.95 62 88.6 -2.17 74 94.9 0.36 56 91.8 -0.81 
Absent 6 1.8 0 0.0 -1.22 0 0.0 -1.15 3 4.3 1.77 3 3.8 1.56 0 0.0 -1.17 
 
